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ABSTRACT 
 
This dissertation addresses questions concerning the patterns of population 
dynamics between Late Neandertals and early modern humans (EMHs) during the Late 
Pleistocene of Europe and the fluctuation of those patterns over time. Proposed models 
of Neandertal extinction and EMH expansion hypothesize certain patterns of behavioral 
responses to fluctuating climate and possible biogeographic features, such as the 
hypothesized Ebro River Frontier (EFM). Analyses designed to illuminate these 
potential patterns and test the presence of proposed biogeographic frontiers were 
conducted using the Genetic Algorithm for Rule-Set Prediction (GARP), originally 
designed for ecological research to model the geographic extent of suitable habitat 
associated with samples of presence-points and make well-informed hypotheses about 
the fundamental niche parameters of a species. 
Three different paleoenvironmental reconstructions that shortly precede 
Neandertal extinction were used in this study to model the possible change in these 
patterns over time centered on Heinrich Event 4 (H4): 1) the Pre-H4 (43.3-40.2 ky cal 
BP), 2) the H4 (40.2-38.6 ky cal BP), and 3) the Post-H4 (38.6-36.5 ky cal BP). For the 
time period of each reconstruction, multiple experiments were run with different samples 
of locations absolutely dated to each time period designed to capture Neandertal and 
EMH presence. These samples move from more theoretically conservative groups of 
morphologically diagnostic fossil hominin remains to those which included Middle 
Paleolithic (MP) and Upper Paleolithic (UP) sites. The resulting consensus prediction 
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models were statistically validated with a combination of Pearson’s p-value, cumulative 
binomial probabilities, and Partial-ROC analyses. 
The results of this dissertation indicated that Neandertals and EMHs display 
different behavioral responses to the H4. Neandertal suitable habitat contracts during the 
H4 and is thereafter confined to southern Europe. The total area predicted for 
Neandertals does not reach its Pre-H4 levels again. EMH suitable habitat does not show 
the same southern confinement. The total area predicted for EMHs remains steady 
throughout the H4, a short glacial period, and increases during the Post-H4. The 
geographic overlap for Neandertal and EMH suitable habitat is the most extensive 
during the Pre-H4. Despite similar niches, Neandertals and EMHs display different 
behavioral responses to climatic fluctuations. 
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1. INTRODUCTION 
 
Since the 1856 discovery of the first Neandertal specimen at Kleine Feldhofer 
Grotte, in the Neander Valley of Germany, anthropologists have been interested in 
answering the question of Neandertal taxonomic identity and whether or not Neandertals 
and modern humans were separated at the species or subspecific level (Trinkaus 1986; 
Trinkaus and Shipman 1993). This question is part of the debate surrounding the 
possible contribution of Neandertal genetic material to contemporary Early Modern 
Human (EMH) populations and the forces driving Neandertal extinction. Research 
questions regarding the Late Pleistocene of Europe have typically been framed from the 
perspective of modern human origins and the genetic makeup of contemporary humans. 
This results in studies that focus more on the purity of anatomically modern humans 
(AMHs), rather than examining the population dynamics of these two groups in Europe 
at a time of great environmental fluctuation and change (Trinkaus 2005). This 
dissertation is intended to investigate the patterning of these population dynamics using 
ecological niche modeling, a method novel to paleoanthropological research. 
Modern models of Late Pleistocene evolution have a long history in 
paleoanthropological research and have inherited much from research conducted from 
the early 1900s onward. Two diametrically opposed models appeared very early in the 
academic literature with work by scientists such as Marcellin Boule and Ales Hrdlička: 
the Presapiens model and the Neandertal Phase model (Boule 1913; Boule 1921; 
Hrdlička 1927; Spencer and Smith 1981; Trinkaus and Shipman 1993). The Presapiens 
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model, which stated that Neandertals were an extinct side-branch of human evolutionary 
history, became one of the most influential evolutionary models in paleoanthropology 
and its echoes are still seen in modern research. The Neandertal Phase model instead 
concluded that modern Europeans had evolved solely and directly from Neandertals. 
While this conclusion has since been disproven (Aiello 1993; Spencer and Smith 1981; 
Trinkaus 2005; Trinkaus 2007; Trinkaus 2011; Trinkaus and Shipman 1993), this 
evolutionary model also had a great impact on later paleoanthropological research.  
These two theoretical camps are distinguished by the weight that they place on 
the perceived importance of Neandertals in the processes of Late Pleistocene hominin 
evolution and the emergence of modern humans. The Presapiens model states that 
Neandertals had no impact on later hominin evolution, while the Neandertal Phase 
model concludes that Neandertals were vital in the formation of later European 
populations. This theme of Neandertals ultimately not contributing to the formation of 
the populations that follow them can be seen in the development of all major models of 
Late Pleistocene European evolution that were created in the 20th and 21st centuries, such 
as Recent African Origin (RAO), Afro-European Sapiens/African Hybridization and 
Replacement (AES/AHR), Multiregional Evolution (MRE), and the Assimilation Model 
(AM).  
It is generally accepted that Neandertals survived in Europe until approximately 
30,000 years ago (Finlayson et al. 2008; Finlayson et al. 2006). EMHs arrived in Eastern 
Europe by no later than 40,500 years ago (Rougier et al. 2007; Trinkaus et al. 2003; 
Zilhão et al. 2007). This allows for a potential period of temporal and geographic 
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overlap of a minimum of 10,500 years. In order to examine hypotheses found in the 
paleoanthropological literature concerning Neandertal and EMH population dynamics, it 
is important to test whether Neandertals and EMHs temporally and geographically 
overlapped. Overlap between the two populations could then allow for hypothesized 
scenarios of admixture or competitive exclusion to occur. Conversely, if Neandertals and 
EMHs did not overlap, then the majority of the proposed methods of Neandertal 
extinction could not have taken place.  
Proposed models of Neandertal extinction and EMH expansion offer 
hypothesized patterns of geographic and temporal placement of these two populations 
that can be tested with Ecological Niche Modelling (ENM) methods. ENM focuses 
exclusively on examining the geographic correlation between a sample of known 
locations and environmental variables. Only climatic and topographic environmental 
variables are considered, such as elevation and precipitation. ENM methods offer a 
novel approach to investigating questions of Late Pleistocene hominin population 
dynamics by allowing researchers to model the geographic extent of a group’s 
fundamental niche parameters, or, where a sample’s fundamental niche parameters 
would allow them to survive. This would result in their predicted presence and absence 
in geographic space. 
One model which has been proposed to explain the pattern and mode of 
Neandertal extinction and EMH expansion on the Iberian Peninsula is the much 
discussed Ebro Frontier Model (EFM). Based primarily on archaeological evidence, the 
EFM hypothesizes that EMHs were prevented from accessing the southern part of the 
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Iberian Peninsula until approximately 35 ky cal BP. This geographic discontinuity 
between hominin populations is proposed to have been caused by ecological differences 
between the northern and southern areas of the Iberian Peninsula (Zilhao 1997; Zilhão 
2000; Zilhão 2009). This hypothetical model asks questions which can be tested with 
ENM methods such as the ones used in this dissertation. However, rather than confining 
itself to analyzing only the Iberian Peninsula, this dissertation takes a continent-wide 
approach. Expanding the samples past the borders of the Iberian Peninsula drastically 
increases the sample sizes and thus allows the project to have a better chance of building 
stronger predictive models. 
This dissertation uses the Genetic Algorithm for Rule-Set Prediction (GARP) to 
examine the correlation between presence points representing late surviving Neandertals 
and EMHs with three paleoenvironmental reconstructions for the time period 
immediately preceding Neandertal extinction, spanning the period from 43.3 to 36.5 ky 
cal BP. GARP produces presence/absence maps of the geographic extent of the suitable 
habitat, or fundamental niche parameters, for the sample in question based on the 
specific nature of the environmental variables found at those sites. The three 
paleoenvironmental reconstructions used in this dissertation cover the period of 1) Pre-
Heinrich Event 4 (Pre-H4) from 43.3 to 40.2 ky cal BP, 2) Heinrich Event 4 (H4) from 
40.2 to 38.6 ky cal BP, and 3) Post-Heinrich Event 4 (Post-H4) from 38.6 to 36.5 ky cal 
BP (Banks et al. 2008b). Location data here were organized into several different 
samples: A) sites that have produced morphologically diagnostic Neandertal remains, B) 
sites that have produced Middle Paleolithic (MP) artifacts, but no Neandertal remains, 
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C) a combination of the previous two samples, and D) sites that have produced Upper 
Paleolithic (UP) artifacts. A separate sample of morphologically diagnostic EMH 
remains dating to this time period in Europe was not included in the study as the number 
of pertinent sites fell below the requirements of necessary sample size needed to produce 
reliable results with GARP. Due to this constraint, locations of Upper Paleolithic sites 
must be used as a proxy for EMH presence. 
The three major questions of this dissertation research are listed below.  
1) What are the patterns of predicted presence and absence of Neandertals and 
EMHs in Europe prior to Neandertal extinction and how do those patterns 
fluctuate?  
2) How similar or distinct are the patterns of the fundamental niche parameters 
for these populations? 
3) What is the nature of the geographic and temporal overlap of Late Neandertal 
and EMH fundamental niche parameters and predicted presence in Europe 
during the time period of 43.3 – 36.5 ky cal BP? 
The answers to the above questions will not only tell us about the extent of 
Neandertal and EMH suitable habitat, but will also offer insight into the population 
dynamics of the two groups and the behavioral responses of each group to fluctuating 
climate. In addition to examining the two primary questions described above, this 
dissertation also investigates secondary topics that center on common assumptions made 
in anthropological literature, the nature of the available samples, and the ability of those 
samples to answer the above questions. These topics include: 
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A. Are samples of Neandertal fossil locations, MP, and UP sites able to create 
predictive models that can predict test points at a better than random rate? In 
other words, can each of these samples create statistically valid models when 
tasked with predicting locations of the same type? 
B. Do samples exclusively made up of MP archaeological sites have the ability 
to correctly predict locations of Neandertal fossil sites from the same time 
period at a better than random rate? Or, what is the nature of the 
interpredictivity of archaeological and fossil remains? 
Question B of the secondary goals directly addresses the common assumption in 
anthropology that stone tool technocomplexes can be used to infer biological presence 
and population dynamics. Recent research has demonstrated that this assumption is not 
always valid (Maroto et al. 2012). This secondary goal is to quantify the relationship 
between MP tools and Late Neandertals and to examine if the statistical power of that 
interpredictivity fluctuates over time. 
This dissertation is divided into seven sections. Section 2 discusses the 
previously mentioned evolutionary models of Late Pleistocene hominin evolution in 
Europe. This section details the historical context and development of the models and 
their predictions for hominin behavior in Late Pleistocene Europe. Section 3 addresses 
previous anthropological research using ENM methods and the theoretical constraints of 
ENM research as shown by previous work in other fields. Section 4 covers the materials 
used in this study, including the location samples of Neandertal fossil remains, MP, and 
UP sites, along with the paleoenvironmental reconstructions used by the GARP program 
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to generate the predictive models. Section 5 details the methodology used for each 
experiment conducted in the course of this dissertation research, including experimental 
design, map generation, and statistical validation. The results of each experiment are 
discussed in Section 6 with the discussion and conclusions of this research following in 
Sections 7 and 8. Additional maps and data are included in the appendices.  
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2. MODELS OF LATE PLEISTOCENE EVOLUTION 
 
This project’s theoretical framework is rooted in the development of theories 
concerning the possible presence of interaction between Neandertals and early modern 
human (EMH) populations as well as the nature of that interaction, if it did occur. The 
major theme in this research is to integrate modern anthropological theory with the 
interpretation of topographic and paleoenvironmental studies. This section discusses the 
creation of the competing models of Late Pleistocene hominin evolution in their 
historical context with an emphasis on what these models predict for Neandertal and 
EMH behavior, rather than their evolutionary relationship specifically. The question this 
dissertation asks is not centered on Late Pleistocene populational taxonomic 
relationships, but rather on what the nature of these two populations’ geographic 
distribution could have been and how that might have affected their interactions with one 
another. In this manner, this dissertation takes a different approach than what has been 
traditional in paleoanthropological theory building, where the majority of previous work 
has focused on determining the nature of Neandertal vs. EMH taxonomic affinity and, 
thus, whether or not these two populations could have successfully experienced 
admixture. 
Ultimately, the nature of the arguments concerning Neandertal taxonomy can be 
boiled down to the question of whether or not Neandertals and other archaic hominin 
populations contributed to later fully anatomically modern populations. While this 
dissertation does not seek to answer this question, it is vital to understand the importance 
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that has been placed on this topic. In anthropological theory, this has been the most 
common way to frame the debates surrounding Middle and Late Pleistocene hominin 
evolution until very recently. However, while Late Pleistocene hominin evolutionary 
theory has historically been framed in this manner, the body of evolutionary theory can 
also be interpreted in how it pertains to Neandertal and EMH behavior. 
  
2.1 Historical Context 
Since the 1856 discovery of the first Neandertal specimen at Kleine Feldhofer 
Grotte, in the Neander Valley of Germany, anthropologists have been interested in 
answering the question of Neandertal taxonomic identity and whether or not Neandertals 
and modern humans were separated at the species or subspecific level (Trinkaus 1986). 
This question is part of the debate surrounding the possible contribution of Neandertal 
genetic material to contemporary EMH populations and the forces driving Neandertal 
extinction versus EMH expansion. Historically, there has been a large amount of focus 
in European Late Pleistocene models of hominin evolution on determining whether or 
not Neandertals had the ability to admix with EMH populations. This emphasis has 
tended to take the form of determining how recent hominin evolution led to modern 
humans, rather than examining Late Pleistocene evolution and population dynamics in 
Europe as they stand alone (Trinkaus 2005). In Europe specifically, the emphasis of 
these models has historically centered on Neandertals and whether or not they could 
have contributed to or evolved into modern European populations (Trinkaus and 
Shipman 1993). This overwhelming emphasis on taxonomy is, as Trinkaus states, “… 
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not a question addressing the evolutionary processes involved in the emergence of 
modern human biology. This is a question regarding the evolutionary purity of living 
humanity” (2005:218).  
The discussion also tends to be largely Euro-centric, focusing on whether or not 
Neandertals could have contributed to modern European populations (Trinkaus 2005). 
This is partially due to a greater body of research having been conducted in Europe than 
in other continents, resulting in the assumption that we know more about this area since 
it has been studied more extensively (Aiello 1993). In some cases, the theories that were 
developed to explain the perception of the European fossil hominin record were directly 
applied to other geographic areas and times (Smith et al. 1989; Trinkaus and Shipman 
1993). This occurred without the realization that answers to evolutionary questions in 
Europe might not explain questions regarding human evolution in other areas of the Old 
World. Paleoanthropology has, fortunately, come to the realization that hominin 
evolution was an incredibly complex process and the forces acting in one area at one 
time may not be the same in other areas and at other times (Relethford 2008; Trinkaus 
2005; Wolpoff et al. 2000). 
 
2.2 Early Twentieth Century 
The models of Late Pleistocene hominin evolution currently debated in the 
literature have their roots in models created during the first half of the 20th century. 
Three main models regarding Neandertals and their relationship to modern humans were 
identified by Vallois (Smith et al. 1989; Vallois 1958). These hypotheses, though now 
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defunct, are important in the history of the debate concerning the fate of the Neandertals 
and the origins of modern humans. This history has helped to frame the debate on Late 
Pleistocene European hominin evolution. Two main competing models were developed 
in the 1920s: the Presapiens model and the Neandertal Phase model. They mirror the 
current day discussion in that one camp states that Neandertals were replaced by modern 
humans and did not contribute to later hominin populations, while the other hypothesizes 
that Neandertals had a much larger part to play in the origins of modern humans. The 
same themes and questions have been the topic of intense paleoanthropological debate 
for the last 90 years. 
 
2.2.1 The Presapiens Model 
 The Presapiens model, created by Boule in the 1920s (Smith et al. 1989) and 
further developed by Vallois in the early 1950s (Vallois 1954), contends that modern 
humans evolved in-place in Europe, but were not descendants of Neandertals (Smith et 
al. 1989). Marcellin Boule, one of the scientists who spearheaded much of the early 
development of 20th century Neandertal studies, was one of many who held the view that 
Neandertals were essentially too deficient to have contributed to the modern human 
lineage. Boule stated that, “Homo Neandertalensis is an archaic species of man. It was 
abruptly followed by the Aurignacians, who differed from the Mousterians as much in 
their superior culture as in the superiority or diversity of their physical characters” 
(Boule 1923). Neandertals were commonly described in the academic literature of the 
time as retrograde, coarse, backward, and extremely inferior to modern humans in every 
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possible way (Boule 1921; Boule 1923; Burkitt 1921; MacCurdy 1924). The behavioral 
implications of the Presapiens model are quite clear. Neandertals were a failed offshoot 
of the hominin lineage that never contributed to later modern populations. Under this 
model, if Neandertals interacted with modern humans at all, they did not experience 
admixture and were quickly replaced by modern humans, then considered to be the 
qualitatively superior species. 
 Much of the idea that Neandertals were somehow deficient originated in Boule’s 
work reconstructing and describing the La Chapelle-aux-Saints specimen. According to 
his interpretation, Neandertals were brutish and unintelligent, could not have walked 
fully erect, and had opposable toes (Boule 1921). His analysis was the most 
comprehensive one on a Neandertal at the time of its publication. Much of his 
conclusion that Neandertals could not have contributed to later modern human 
populations was based on the apparent traits that, to Boule, indicated the La Chapelle 
specimen was not fully bipedal. However extensive Boule’s research on La Chapelle 
was, he apparently was not aware of or ignored publications that addressed the polytypic 
nature of human morphology for populations that existed outside of Europe. It also 
appears that he may have placed less emphasis on morphological characters that did 
point to fully erect posture for La Chapelle. Boule also did not discuss the evidence of 
extensive osteoarthritic changes on the individual (Hammond 1982). 
Scientists have since reanalyzed his reconstruction and found the majority of 
Boule’s conclusions to be in error. Despite this, his interpretation dominated 
paleoanthropological thought for many years (Drell 2000; Hammond 1982; Trinkaus and 
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Shipman 1993). This image was introduced to the non-academic public in the form of an 
illustration by Frantisek Kupka published in 1909 in both L’Illustration and The 
Illustrated London News (Figure 1). This illustration was based on Boule’s interpretation 
of the La Chapelle-aux-Saints specimen, which was the most complete Neandertal 
skeleton known at the time (Hammond 1982). 
 
 
Figure 1. Illustration based on Boule's work by Kupka (1909). 
 
 In 1908 when Boule published his analysis of the La Chapelle specimen 
paleontology, the validity of evolution had only recently been accepted by academic 
circles. Since the discovery of the Feldhofer specimen from the Neander Valley, 
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Germany, the debate had only just begun to move past the thought that these individuals 
were diseased or pathological modern humans. His arguments on Neandertal taxonomy 
and morphology were so well accepted that it was 40 years until the La Chapelle skeletal 
material was re-examined in the mid-1950s by WL Straus and AJE Cave. Straus and 
Cave pointed out that the postural abnormalities noted by Boule were caused by 
extensive osteoarthritis. Boule did mention that osteoarthritis was present on La 
Chapelle, but only in passing. Had Boule acknowledged the importance of other data 
available at the time, his specific conclusions concerning this Neandertal specimen could 
have been quite different than what was published. There has been a large amount of 
debate on Boule, his conclusions, and his possible motivations in Neandertal research 
(Hammond 1982). 
 At the time Boule published his reconstruction of La Chapelle, the questions of 
whether or not evolution applied to humans and what to do with the Neandertals 
dominated academic discussion. Boule had the opportunity to add greatly to the debate 
of whether or not Neandertals contributed to contemporary European modern human 
populations. He felt that he had solved the dilemma with his analysis, as did many 
others. While his specific conclusions on the morphological and behavioral 
characteristics of Neandertals have been refuted, Boule did contribute some portions of 
the theoretical framework of paleoanthropological study that still hold true today. With 
his extensive study of the La Chapelle specimen, he demonstrated to the scientific 
community that the same principles of evolutionary theory that applied to the rest of the 
biotic world also applied to the human lineage. And, despite the fact that nearly all of 
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Boule’s anatomical conclusions have been since found to be in error, he did establish 
human paleontology as a valid science (Hammond 1982; Trinkaus and Shipman 1993).  
 Boule was not the only paleontologist essential in the formation of the Presapiens 
hypothesis. Sir Arthur Keith, who had formerly believed Neandertals were the ancestors 
of modern Europeans, became one of the fiercest supporters of the Presapiens model. 
The sample of fossils used by supporters of the Presapiens model are a curious mix of 
specimens, some of which have now been shown to be younger than previously assumed 
or even outright hoaxes. A few specimens belonging to the former category included 
Galley Hill and Ipswich. The most notable specimen belonging to the latter category is, 
of course, Piltdown Man, known at the time as Eoanthropus dawsonii. The Moulin 
Quignon mandible was also used as evidence in support of the Presapiens model and, 
while it does not appear to have been faked in the same manner as Piltdown, it does 
appear to be a modern mandible that was used to seed a site (Trinkaus and Shipman 
1993).  
 As Trinkaus and Shipman describe the Presapiens model: 
“As formulated by Keith and Boule, the pre-Sapiens theory argued that 
large-brained, modern-skulled humans were so distinctive that they must have 
had a long (and honorable) evolutionary history…Boule and Keith were 
distinctly uncomfortable with any suggestion that we might have been 
descended, relatively recently, from anything less human than ourselves. They 
preferred to believe that pre-Sapiens humans existed far back into the 
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Pliocene…relegating all known fossil hominids to aberrant side-braches on the 
family tree” (Trinkaus and Shipman 1993:308). 
The tenets of the Presapiens model require certain behaviors of both Neandertals 
and modern humans. The lineages leading to Neandertals and modern humans were 
concluded to be deep and ancient. These two apparent lineages never admixed and 
remained completely separate throughout space and time, though both populations are 
theorized to have originated in Europe. The Presapiens model is not clear on whether the 
hypothesized lineage that ultimately led to modern humans existed in Europe side-by-
side with the purported Neandertal lineage, or if that population left Europe early and 
evolved into modern humans outside of Europe (Hrdlička 1927).  
While the Presapiens models was largely accepted in the scientific community in 
the first half of the 20th century, there were some dissenting voices. Aleš Hrdlička, in a 
critique of the Presapiens hypothesis, summarized the model as the following: 
“It has been decided, on the weight of a limited initial group of 
specimens, that Neandertal man was a man of a different species; that he may 
possibly have originated from his European predecessors, but that, after a long 
period of existence and after having spread far and wide, he perished abruptly 
and completely, without leaving any progeny, on the approach of a superior 
species, the Homo sapiens” (Hrdlička 1927:270). 
The Presapiens model and its implications for Late Pleistocene hominin 
evolution remained the one accepted by most of the scientific community for over forty 
years. However, with the discovery that Piltdown was a hoax, paleoanthropologists were 
 17 
 
required to take a hard look at the fossil record, Late Pleistocene hominin evolution, and 
how Neandertals and EMH fit into the scheme of modern human origins. With 
additional fossils and the introduction of absolute dating, the picture of hominin 
evolution across the Old World became increasingly complex and, rather than ending the 
debate concerning Neandertals and modern human origins, new questions were ignited 
in the mid-twentieth century. 
 
2.2.2 The Neandertal Phase Model 
The Neandertal Phase model grew out of unilineal evolutionary models created 
by Schwalbe, Gorjanović-Kramberger, and Hrdlička. Hrdlička developed the Neandertal 
Phase model largely in response to what he saw as deficiencies in the Presapiens model 
and to the apparent levels of dogma he saw in the field for arbitrarily accepting that 
model without question. The hominin fossil record in the 1920s was not as well-resolved 
as it is today and the largest number of Neandertal and EMH fossils were confined to 
Europe. Hrdlička took issue with what he saw as undeveloped ideas of where the 
alternate lineage leading to modern humans existed, as well as the assumptions that 
Neandertals were inferior to modern humans (Hrdlička 1927)(Hrdlička 1927).  
This hypothesis states that Neandertals were directly and solely ancestral to 
modern humans (Smith et al. 1989). Hrdlička wrote his seminal paper “The Neandertal 
Phase of Man” in 1927 for the Huxley Memorial Lecture in response to the doctrine of 
the time that stated the Neandertals were simply a dead-end offshoot of the human 
genealogical tree that did not contribute anything meaningful to modern humans. 
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Hrdlička took a more measured view of the extent of the knowledge on Neandertal 
fossils that were available to paleoanthropologists in the 1920s. 
“The problem of Neandertal man, as it now exists, presents the following 
uncertainties:—It is not yet properly known where, when, and how he began, and 
how far eventually he extended geographically; it is not yet definitely known just 
who he was and what were his phylogenetic relations to the man that succeeded 
him; and it is not known plainly just why and how he ended, and whether or not 
he left any progeny. Besides which there are still but more or less vague notions 
regarding the exact length of his period, his average physique, his variations and 
sub-races, the reasons for his relatively large brain, his changes in evolutionary 
direction. And there are other uncertainties. It thus appears that, notwithstanding 
his already numerous collected remains, Neandertal man is still far from being 
satisfactorily known to us taxonomically, chronologically, and 
anthropologically” (Hrdlička 1927:250). 
 Hrdlička was one of the first to propose that Neandertals were not as stupid or 
backwards as was predominantly believed by the Presapiens camp. Through analysis of 
the archaeological record known at the time between Acheulean, Mousterian, and 
Aurignacian sites, he proposed instead that Neandertal behavior appeared to be similar to 
the populations that both preceded and followed them (Figure 2). He is also one of the 
first to argue that Mousterian tools were not somehow inferior to the technocomplexes 
assumed to be the product of modern humans.  
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The fossils considered by Hrdlička (1927) to represent the Neandertals are as 
follows: Gibraltar I, Neandertal, La Naulette, Šipka, Spy I and II, Bañolas, Malarnaud, 
Krapina, Le Moustier, La Chapelle, Jersey, La Quina, La Ferrassie, Ehringsdorf-
Weimar, Galilee, Erhingsdorf-Fischer’s Quarry, and Gibraltar (child). This sample 
includes Proto-, Classic, and late Neandertal specimens. The specimen simply listed as 
Galilee is the specimen recovered from Mugharet el-Zuttiyeh, discovered in 1925 by F. 
Turville-Petre (Hrdlička 1927). Within the next 4 years, the sites of Amud and Tabun 
would also be introduced to paleoanthropologists. While none of the specimens 
classified as Neandertals in this sample have been reclassified to another taxonomic 
group, their dating has been revised over the years. 
 
Figure 2. Hrdlička’s (1927:257-258) description of his hominin phases. 
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The Neandertal fossils discussed above were contrasted with the osteological 
remains that were considered to be representative of the modern humans that 
immediately followed the Neandertals during the Aurignacian. These include: 
Most/Brüx, Combe-Capelle, La Rochette, Camargo, Castillo, Hohlefels, Enzheim, 
Mentone, Paviland, and Ojeów. Specimens from Brno, Předmosti, and Solutré are listed 
by Hrdlička as “Aurignacian, probably” and Cro-Magnon and Halling are designated as 
“Aurignacian or later” (Hrdlička 1927). 
The EMH fossil record has changed significantly since the 1920s. Even shortly 
after the Most/Brüx skull was discovered in the early 1900s, paleoanthropologists were 
unsure of its ancient status and it has since disappeared from academic analysis 
(Smithsonian Annual Report 1907). Combe-Capelle, long considered an example of 
EMH in western Europe, has since been redated to ~7 ka (Valladas et al. 2003). The 
remains from the Spanish site of Camargo, discovered in 1908, were destroyed during 
the Spanish Civil War before a formal analysis could be published (Churchill and Smith 
2000).  
The specimen Hrdlička refers to as “Castillo” is one of the specimens from the 
human remains discovered by Obermaier prior to World War I at the site of El Castillo, 
Spain: a partial mandible from a juvenile, probably between the ages of 3-5, unnamed 
cranial fragments, and a lower right second molar. However, these specimens 
disappeared prior to their publication and the association of these specimens with UP 
technologies is not concrete (Hublin 2013). A previously unpolished manuscript by 
Vallois was released to the public by Garralda (1992), but both the morphological and 
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archaeological association of these lost specimens is currently considered unclear 
(Hublin 2013).  
The specimen listed as Enzheim was included in several publications as 
representative of modern humans dated to the Aurignacian during the 1920s and 1930s 
(Hrdlička 1927; Lipman 1934; Morant 1930; Tilney 1927), but it has curiously faded 
from study. It is not clear whether or not the remains were lost or simply reclassified as 
belonging to a later date. The specimens listed as Mentone refer to the burials at Grotta 
del Caviglione, Grotta dei Fanciulli (also known as Grotte des Enfants), and Grotta del 
Principe in Italy. The name Mentone is no longer used to refer to this location in 
academic literature (Pettitt 2011).  It is not clear to which specimen Ojeów refers. It, like 
Enzheim, has disappeared from current paleoanthropological analyses. The specimen 
Hrdlička names as Halling is also known popularly as “Halling Man” and has since been 
reclassified as Neolithic in age. 
 At the time that Hrdlička developed the Neandertal Phase model, he saw little 
evidence for an alternate lineage leading to modern humans existing outside of Europe, 
nor one that existed in Europe contemporaneous with Neandertals. Instead, he proposed 
that the more parsimonious explanation was that Neandertals evolved into Aurignacian 
humans and then into modern humans (Figure 3). He proposed that this evolutionary 
process was spurred rapidly by environmental changes (Hrdlička 1927). 
It is important to note that many of the arguments made by both the Presapiens 
and Neandertal Phase camps are eerily close to those made by supporters of 
Replacement and Multiregional Evolution (MRE). Boule’s and Hrdlička’s models were 
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the original sources of Replacement and MRE  and their views still influence our 
interpretation of the investigation of modern human origins and Neandertal extinction to 
this day.  
“The sponsors of the view that Aurignacian man was a man of different 
and superior species to the man of the Mousterian period, conceive him for the 
most part, apparently, as an invader who came from somewhere outside the 
Neandertal area, overwhelmed completely the established less capable species, 
and annihilated or at least wholly replaced it, over all the great domain over 
which it once extended” (Hrdlička 1927:259). 
 
Figure 3. Hrdlička's (1927:272) illustration of the then current evolutionary models 
of Late Pleistocene evolution. 
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 While Hrdlička and a few other scientists created the Neandertal Phase model, 
they were by far the minority opinion. Le Gros Clark stated that the hominin specimens 
from the Mount Carmel area, believing them to be ancient and Neandertal, were 
indicative of an evolutionary phase between Homo sapiens from the pre-Mousterian and 
later Neandertals (Clark 1955; Howell 1957).  The vast majority of the scientific 
community during the first half of the 20th century viewed Neandertals as dead end side-
branches of the lineage leading to modern humans. Neandertals and EMH were nearly 
always studied as they related to the appearance of modern humans and, typically, how 
archaic hominins could have led to modern Europeans, specifically. This is a problem 
that still plagues paleoanthropology today (Relethford 2008; Relethford 2001; Trinkaus 
2005; Trinkaus and Shipman 1993). Paleoanthropologists’ interpretation of the fossil 
hominin record and the prevalent models of Late Pleistocene hominin evolution had to 
undergo a major revision with the addition of many new fossils and the exposure of 
“Eoanthropus dawsonii” (i.e. Piltdown Man) as a hoax. 
 
2.3 Mid-Twentieth Century  
 The mid-twentieth century brought about many changes for studies concerning 
hominin evolution. New data in the form of new fossils and the advent of absolute dating 
methods greatly revised the landscape of the dataset paleoanthropologists used to 
generate theories on Late Pleistocene hominin evolution. This greatly reformed fossil 
record required anthropologists during the mid-part of the 20th century (from the 1940s 
through the 1960s) to revise models of hominin evolution. However, even with all of the 
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new data, anthropologists settled themselves into two basic competing camps in regards 
to Late Pleistocene evolution in Europe: those that thought Neandertals mattered and 
those that did not. Those researchers that supported the idea that archaic populations had 
a part to play in Late Pleistocene hominin evolution (both in Europe and throughout the 
rest of the Old World) formed the basis of what would become known as Multiregional 
Evolution (MRE). The contentious nature of the discussion between the two camps 
remained and academic discussion was fraught with misunderstandings of the basic 
tenets of both bodies of theory. 
 Models such as the Neandertal Phase, Presapiens, and Pre-Neandertal models, 
helped shape the framework in which later models of modern human origins were 
created, such as the Multiregional Evolution (MRE), Assimilation (AM), and Recent 
African Origins (RAO) models. It should be noted that all three of these early models 
discussed in Section 2.2 (the Neandertal Phase, Presapiens, and Pre-Neandertal models) 
refered only to European prehistory. Those models assume that modern humans 
originated, or evolved, in Europe rather than any other part of the Old World. Such is the 
case even with the Pre-Neandertal model, where modern humans were hypothesized to 
have evolved outside of Europe, but only after their ancestral population is hypothesized 
to have originated in Europe (Howell 1951; Howell 1957; Smith et al. 1989). These 
models were created prior to the realization of the incredible importance that the African 
continent played in human evolution and are, thus, extremely Eurocentric. The 
Eurocentrism in these models is partially due to the fact that the majority of the 
paleoanthropological research at the time had been conducted in Europe. The fossil 
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record in the remainder of the Old World was not as well known by European scientists 
(i.e. those scientists that were creating evolutionary theory) (Smith et al. 1989; Trinkaus 
and Shipman 1993).  
 
2.3.1 Death of the Presapiens Model 
 The discovery of the Piltdown forgery caused a conundrum for supporters of the 
Presapiens model. Piltdown had historically been considered the most solid piece of 
evidence supporting the hypothesis that Neandertals went extinct without contributing to 
modern populations and that modern humans evolved in place in Western Europe. While 
there were always scientists who doubted the validity of the Piltdown specimen, or at 
least doubted its significance in some form, it is important to note how well Piltdown 
was received by a large portion of the academic community and that it was not 
discovered as a hoax until Weiner, Oakley, and Le Gros Clark’s 1953 publication 
(Oakley and Weiner 1955; Weiner and Oakley 1954; Weiner et al. 1953).  
Piltdown was accepted as valid and ancient because it appeared to confirm the 
majority of the Presapiens hypotheses about how modern humans evolved: 1) with its 
large braincase it supported the hypothesis that brains grew larger before faces became 
more gracile (Oakley and Weiner 1955) and 2) its discovery in Europe (and specifically 
England) supported the belief that modern humans were ultimately European in origin. 
This second point reinforced the idea that all other fossil hominins that had been 
discovered up to that point were extinct side branches of human history which 
disappeared without issue and without contribution to later modern human populations. 
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It also reinforced insidious notions that Europeans were the primary population of 
modern humans and thus every other modern population throughout the world was 
somehow a degenerated form of European. This allowed Europeans to reinforce the 
notion that they were somehow superior to all other populations on earth. This idea is, of 
course, wrong and terribly misinformed, but it persisted within the scientific community 
for many years. Piltdown might have been exposed as a hoax much earlier if this racist 
dogma had not had such an unfortunate hold on the scientific community. 
Even with the highly revised fossil record from the 1900s to the mid-twentieth 
century, it is impossible to deny the fact that later replacementist or migration-based 
models have their origins in the previous Presapiens model. They thus inherit much of 
the theory that was created by scientists like Marcellin Boule and Arthur Keith, whereby 
Neandertals are relegated to a dead end side branch of hominin evolution and were 
replaced by modern humans in Europe. One of the most prominent anthropologists to 
attempt to revise the Presapiens hypothesis during the mid-20th century was Henri 
Vallois, a former student of Marcellin Boule. He readily acknowledged the blow that the 
Piltdown hoax dealt to the Presapiens model and chose to emphasize other fossil 
hominins as evidence in support of it (Smith et al. 1989; Trinkaus and Shipman 1993; 
Vallois 1958).  
Vallois still felt that, in spite of the revision of the fossil record and the exclusion 
of Piltdown, modern humans’ large cranial capacities were distinct enough to warrant an 
extremely long evolutionary timescale. This evolutionary history was typically 
hypothesized by Presapiens supporters to extend back into the Pliocene (Trinkaus and 
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Shipman 1993). In addition to the removal of Piltdown from the fossil record, specimens 
from Galley Hill, Moulin Quignon, and Ipswich had also been eliminated from the 
pertinent sample. Vallois put much of his hopes for the Presapiens hypothesis in the 
specimens from Fontéchevade, which was then considered to be dated to the last 
interglacial based on their faunal association. However, this specimen was missing the 
supraorbital torus region. Of the reconstructions available, Vallois put stock in one that 
created a smooth and vertical forehead which he took to indicate that modern 
morphology was very old. Unfortunately for Vallois, it is much more likely that an 
accurate reconstruction of Fontéchevade 2 includes a much more robust supraorbital tori 
region (Trinkaus and Shipman 1993). In addition, recent work with radiocarbon and 
ESR absolute dating techniques has revised the age of Fontéchevade to OIS 3, or ~39 ky 
cal BP (Chase et al. 2007). This date would make the specimen representative of EMHs 
in France and not an earlier population as was previously proposed. 
Vallois also continued to use the fragmentary cranial specimen found at 
Swanscombe, Kent, England, in support of the Presapiens model (Vallois 1958) based 
mainly on metric measurements from the partial reconstruction and the reconstructed 
cranial capacity of ~1,325 ccs, which is well within the range of modern humans 
(Morant 1930). This is also one of the only specimens used in support of the Presapiens 
model that has not been redated to a significantly younger time frame or been eliminated 
from the sample due to fraudulent practices. The most recent work in dating the fossil 
places it at no younger than ~390 ky cal BP (Stringer and Hublin 1999)(Stringer & 
Hublin 1999) and in OIS 11 (Bischoff et al. 2003). The most recent analyses of its 
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morphology emphasize that the suite of morphological traits found on Swanscombe 
show that there are archaic traits, and especially those indicative of later Neandertals. 
These traits include a convex occipital plane, a strong juxtamastoid ridge, and a 
suprainiac fossa (Hublin 1978; Hublin 2009; Hublin 1988; Santa Luca 1978; Stewart 
1964; Stringer and Hublin 1999). The entire morphological suite taken in context of 
what we know currently about the Middle and Late Pleistocene hominin record, 
especially in Europe, indicates that the Swanscombe individual was ancestral to later 
European Neandertal populations rather than directly ancestral to the populations that 
would later result in the emergence of modern humans. 
 Vallois’ work in the late 1950s was the last gasp for the traditional and strict 
interpretation of the Presapiens model. The majority of paleoanthropologists had taken 
into account the increased understanding of the fossil record and began moving away 
from the hypothesis of a deep temporal history on the European Continent for modern 
humans (Trinkaus and Shipman 1993). However, newer versions of replacement based 
models inherited much from the Presapiens models, including the need to relegate 
Neandertals to an extinct side-branch of hominin evolution that did not make any 
meaningful contributions to modern human origins.  
 
2.3.2 Replacementism in the Mid-Twentieth Century 
 William W. Howells is often touted as one of the forefathers of modern 
replacementist models. His textbook, Mankind in the Making, first published in 1959, 
influenced an entire generation of emerging paleoanthropologists (Trinkaus and 
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Shipman 1993). Howells’ interpretation of the fossil record known at the time of 
publishing Mankind in the Making is measured and thoughtful. He pointed out that 
theories of hominin evolution from Franz Weidenreich and Carleton Coon were more 
similar than many modern paleoanthropologists are comfortable admitting. In 
interpreting their work, WW Howells stated that Coon allowed for more admixture 
between populations of modern and ancient hominins than did Weidenreich (Howells 
1967). However, a modern interpretation of both Weidenreich and Coon’s research by 
Trinkaus & Shipman concluded the opposite (Trinkaus and Shipman 1993). 
 WW Howells’ assessment of Late Pleistocene hominin evolution and the origins 
of modern humans is often painted as more extreme than is warranted by a close reading 
of Mankind in the Making (Howells 1967). At least in his seminal textbook, written later 
in his career, he takes a somewhat cautious approach when discussing the Middle and 
Late Pleistocene. He summarized: 
“…after about 35,000 B.C. we begin to see Homo sapiens widely spread 
in the Old World, and entering the New World as well…In the west the new men 
entered Europe; perhaps, in the early stages, the advance guard mingled with 
older types of man to produce what appear to be intermediate forms: mixing with 
the Neanderthals at Mount Carmel in Palestine, with the Rhodesians at Florisbad 
in South Africa, and with Solo Man in Southeast Asia or Indonesia. All this is 
less clear, and hypothetical in the extreme. But both Neanderthals and 
Rhodesians accepted their fate and vanished” (Howells 1967:346). 
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 As indicated by the above quote, Howells acknowledged and accepted the 
possibility of admixture between modern humans and the archaic populations they may 
have encountered in different areas of the Old World. However, he does point out that 
much of that contact was not confirmed with the fossil evidence that they had access to 
in the mid-20th century. In short, at least later in his career, Howells was not as an 
extreme replacementist as he is often portrayed in the academic literature. Earlier in his 
publication history Howells does argue against including Neandertals as a direct ancestor 
to any population of modern humans. To clarify, he argued against Neandertals evolving 
directly into modern Europeans. He was somewhat more reticent in coming to a 
conclusion about whether or not Neandertals and modern humans could have interbred 
and produced fertile offspring (Howells 1942). 
 When examining the question of whether or not Neandertals were directly 
ancestral to all modern humans, WW Howells compared them to modern Australian 
Aborigines on the basis that native Australians also tended toward a suite of 
morphological robust cranial features. He argued that the suite of traits were different 
between the two groups and thus he argued against Neandertals as direct and sole 
ancestors for all modern human populations (Howells 1942). 
“The above is a purposefully emphatic statement of the argument that 
modern man as a whole is no descendant of the known Neanderthals, and he did 
not pass through a Neanderthaloid phase in his main line of ancestry. There 
remains the suggestion that one single race or another may be descended from 
the Neanderthal stock…The Skhul people are more of a borderline case and 
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indeed have not been definitely assigned to Homo sapiens. But whatever be the 
explanation for this type, not even Keith and McCown find actual Neanderthal 
characters in it…Just what the Mount Carmel material proves can hardly be 
looked upon as settled. As for the rest, however, it does not appear that the 
distinction between Neanderthal man and anything known as sapiens has been 
obliterated, while on the positive side of the evidence is that the primitive sapiens 
ancestor was not of a Neanderthal character” (Howells 1942:189). 
 Prior to the development of the name “Out of Africa” to describe the hypothesis, 
it was also called “migrationism” or the Noah’s Ark hypothesis in the 1970s (Howells 
1976). As was seen in earlier versions of evolutionary models that exclude Neandertals 
from sole ancestry of modern humans, mid-20th century replacement or migration based 
models include a hypothesized single origin of the lineage that would eventually lead to 
the origin of Homo sapiens. The geographic location for the origin of this lineage was 
still debated. Louis Leakey was one of the first to propose that this area of origin was the 
African continent (Leakey et al. 1964; Leakey 1961; Trinkaus and Shipman 1993). It 
was hypothesized that modern populations, once they had radiated out from the place of 
origin, replaced archaic populations and did not experience admixture with them. It was 
also sometimes hypothesized that migrating modern populations did not encounter or 
overlap with archaic populations in Europe or Asia at all. Existence of temporal and 
geographic overlap between archaic and morphologically more modern populations was 
debated during this period, as it still is today in certain instances (Howells 1976). 
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 By the 1970s, new lines of evidence began to be incorporated into the debate on 
the nature of Late Pleistocene hominin evolution. In addition to an ever increasing fossil 
record, genetic research made its first debut in paleoanthropological research. Most 
notable is the work by Cavalli-Sforza and Edwards on blood group frequencies and 
phylogenetics (Bertranpetit and Cavalli-Sforza 1991; Cavalli-Sforza 1966; Cavalli-
Sforza and Edwards 1967; Cavalli-Sforza et al. 1988; Edwards and Cavalli-Sforza 1963; 
Edwards and Cavalli-Sforza 1964; Menozzi et al. 1978). The results of these studies 
were quickly incorporated into the arguments for single-origin replacement-based 
models and used to argue against multiregional models.  
 
2.3.3 The Pre-Neandertal Model 
F. Clark Howell postulated in publications from the 1950s that early Neandertals 
were ancestral to both Classic Neandertals and modern humans, but that modern humans 
evolved outside of Europe and thus were not direct descendants of Classic Neandertals. 
This hypothesis is called the Pre-Neandertal model (Smith et al. 1989). In other words, 
this model hypothesizes that the population ancestral to late Neandertals and modern 
humans was native to Europe, but then a group broke off and left Europe. The 
descendant population that left Europe then evolved into modern humans and later 
returned to Europe where they encountered their cousins the late Neandertals (Howell 
1951). The Pre-Neandertal model appears to be the first attempt at creating an 
intermediary model of European Late Pleistocene hominin evolution taking into account 
the increased fossil record since the early 1900s. 
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F. Clark Howell (not to be confused with WW Howells) postulated in his 1951 
paper “The place of Neanderthal man in human evolution,” that early Neandertals were 
ancestral to both Classic Neandertals and modern humans (Figure 4). He includes Skhūl 
I, IV, V, VI, and IX in his early Neandertal group (Howell 1951). With the 
reorganization of the Levantine fossil record due to better absolute dating methods and a 
better understanding of Late Pleistocene hominin morphology, specimens recovered 
from Skhūl are now classified as EMH and not Neandertal. This would greatly influence 
and change the conclusions of Howell’s 1951 paper. The inclusion of the specimens 
from Skhūl in Neandertals does indicate that, at least historically, robusticity was largely 
associated with archaic populations. Thus, it is not entirely surprising that the Skhūl 
individuals, displaying a larger range of robusticity that paleoanthropologists now know 
is common in EMH populations, were shunted into the Neandertal taxonomic box. 
Based on the inclusion of fossils that we now know are not early and are not 
Neandertals, Howell concluded that, “The early Neanderthals are similar to modern man, 
and differ from the classic Neanderthals…Conversely, the classic Neanderthals differ 
from both the early Neanderthals and modern man” (Howell 1951). Based on the 
assumption that the specimens from Skhūl represented early Neandertals, Howell 
concluded that, since this early Neandertal group was more morphologically similar to 
modern humans, it was here that the evolutionary split between the Neandertal and 
modern human lineage occurred (Howell 1951; Howell 1957). Again, while F. Clark 
Howell’s sample and conclusions have been disproven with increased knowledge of the 
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fossil record, we must remember that he was producing evolutionary theory with the 
fossil record that paleoanthropologists had access to at the time. 
 
 
Figure 4. Howell's proposed model of hominin phylogeny (1957:342). 
 
Essentially, the Pre-Neandertal model argues that “early” Neandertals mattered 
in the grand scheme of modern human origins, but Classic and Late Neandertals did not. 
In response to the Presapiens hypothesis, Howell stated the following: 
“If such Neanderthal peoples, and their anatomically non-modern 
forerunners (Steinheim-Swanscombe, Montmaurin), were indigenous to the 
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European area and ‘pre-sapiens’ peoples must have had an origin elsewhere and 
have subsequently expanded into (western) Europe. Where was this area and 
where is the fossil and other evidence necessary to support such an hypothesis?” 
(Howell 1957:342).  
The Pre-Neandertal model of Late Pleistocene hominin evolution is an 
interesting one in that it removes Classic Neandertals from contributing to later modern 
European populations, but also gives importance to the hypothesized early Neandertals 
when discussing modern human origins. For hominin behavior, this model implies that 
one parent population existed in the Levantine area and then separated. The population 
in Western and Southern Europe evolved into Classic Neandertals while the population 
existing in Central and Eastern Europe, with influx from Western and Central Asia, 
evolved into modern humans. Despite their close geographic locations, these two 
populations remained separate until the Neandertals went extinct and modern humans 
remained. It should be noted that Howell’s Pre-Neandertal model does not touch on the 
fossil record from Eastern Asia or sub-Saharan Africa that was known at the time and 
how it might play into Late Pleistocene hominin evolution.  
 
2.3.4 The Birth of Multiregional Evolution (MRE) 
 The modern origins of Multiregional Evolutionary theory (MRE) began with 
Franz Weidenreich and his work examining hominin evolution. Though 
paleoanthropology had begun moving away from unilineal models of human evolution 
by the mid-20th century, MRE inherited some intellectual theory from the Neandertal 
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Phase model in the sense that MRE is seen to be in opposition to and in critique of fully 
replacementist models. In addition, MRE, like Hrdlička’s Neandertal Phase model, 
separates itself theoretically from replacementist models by contending that archaic 
populations had some meaningful impact on or contribution to Late Pleistocene hominin 
evolution and the origin of modern humans, rather than relegating all archaic populations 
to extinct and unimportant side-branches. 
 Franz Weidenreich is usually credited with originating the first version of MRE 
in the late 1930s and through the 1940s. He began developing his theories on the process 
of hominin evolution in a way that was unique for the time period. Instead of focusing 
exclusively on the European fossil record, he started with evidence found only in Eastern 
and Southeastern Asia. He observed what he interpreted were indications of 
morphological continuity between the taxonomic group now known as Homo erectus (at 
the time they were variably known as “Pithecanthropus erectus” in Southeastern Asia 
and “Sinanthropus pekinensis” in Eastern Asia) and modern human populations in Asia 
(Aiello 1993; Weidenreich 1943a; Weidenreich 1945). For example, between Homo 
erectus specimens found in China and modern populations also located there, he 
observed that certain morphological traits were found in both populations. These traits 
include evidence of sagittal keeling, parasagittal depression, the presence of Inca bones, 
shovel-shaped lateral upper incisors, and others. In his analysis of “Sinanthropus 
pekinensis” he specifically stated that while he did observe morphological continuity and 
hypothesized an ancestral relationship between archaic and modern populations in 
China, “This statement, however, does not mean that modern Mongols derived 
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exclusively from Sinanthropus nor that Sinanthropus did not give origin to other races 
also” (Weidenreich 1943b:277). 
  Weidenreich introduced what is now called the trellis model (Figure 5) 
(Weidenreich 1947a) to synthesize his hypotheses of the nature of hominin evolution. 
When analyzing hominin evolution Weidenreich always stressed the importance of gene 
flow, “…the gradual evolving of modern man gives evidence that there must always 
have been an interchange between individuals or groups of individuals with differing 
morphological characters” (Weidenreich 1946). This is, perhaps, Weidenreich’s greatest 
contribution to modern paleoanthropology. The realization that hominin evolution was 
made up of a series of interconnected populations became integral in the later versions of 
the MRE model and also many intermediary models.  
Some parts of Weidenreich’s hypotheses have since been disproven with the 
addition of new fossil material and dating methods, but his idea that gene flow was an 
important part of hominin evolution is difficult to deny with our current understanding of 
Late Pleistocene hominin evolution. In addition, Weidenreich was one of the first to 
recognize that there were many different ways to define a species and that choosing 
different definitions and applying them to the fossil record resulted in greatly varying 
interpretations (Weidenreich 1943a; Weidenreich 1946). In his syntheses of hominin 
evolution, Weidenreich emphasized the idea that archaic populations were evolving 
“toward” modernity more than paleoanthropologists do today. However, it was common 
until very recently in scientific circles to assume that there was some sort of higher goal 
actively directing human evolution rather than seeing evolutionary processes as reacting 
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to environmental stimuli. This view, now defunct, was a common failing in both the 
beginnings of MRE as well as replacement-based models. These mistakes were a 
product of the temporal context in which the models were created. The fact that these 
conclusions were a product of their time does not, perhaps, completely excuse the 
assumption that evolution has a goal. It should act as a cautionary tale that modern 
anthropologists not only inherit methodological tenets from previous research, but also 
that we are also not free from our own temporal influences. It remains to be seen how 
history will treat the theory that paleoanthropologists generate in the early 21st century. 
 
 
Figure 5. Weidenreich's (1947:201) original trellis model of hominin evolution. 
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When examining Weidenreich’s hypotheses regarding Europe, Neandertals, 
EMH, and the origin of modern humans, he argues that Neandertals contributed to later 
modern human populations. Specifically, he argued that Neandertals should not be 
excluded from modern human ancestry due to their morphological traits, as had been 
argued by Marcellin Boule (1921), Arthur Keith (1915; 1925; 1931; 1948) and WW 
Howells (1967). Based on the known fossil record of the time, Weidenreich 
hypothesized that the root of the hominin lineage was in Asia rather than Europe, as had 
been commonly proposed by anthropologists. Regarding Neandertals and the origins of 
modern humans specifically, he stated, 
“The three phases of Paleoanthropinae are known from Africa, Asia and 
Europe: Rhodesian man (Par) represents the most primitive phase, the typical 
Neandertalians (Pan) represent the next phase, and the man of Weimar-
Ehringsdorf, the man of Galilee or the Skhūl population of Mount Carmel the 
more advanced group (Pae)…The Skhūl group of Palestine presents forms 
intermediate between the typical Neandertal man from Tabūn and fossil modern 
man from Europe” (Weidenreich 1947a:200). 
 Here it should be pointed out that Weidenreich saw the Levantine Neandertals as 
ancestral to the Levantine EMHs from Skhūl and Qafzeh, which were directly ancestral 
to the European EMHs from sites like Cro-Magnon, France (Weidenreich 1947a). He 
was somewhat more cautious when examining the relationship between European 
Neandertals and European EMHs. Weidenreich hypothesized that they were connected 
in some way through gene flow, but perhaps were not directly ancestral to European 
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EMHs. However, he strongly objected to excluding the European Neandertals from the 
evolutionary history of modern humans simply on the basis of what he believed were 
minor differences. Specifically, while he agreed with his detractors that European 
Neandertals probably did not contribute to later SE Asian populations, he saw no reason 
for excluding Neandertals from even the possibility of having a meaningful impact on 
later modern human populations in Europe (Weidenreich 1941). 
 There are two main possible interpretations of a strict reading of Weidenreich’s 
trellis model for Late Pleistocene hominin evolution and behavior in Europe. The first is 
one in which modern humans evolve in the Levant and then migrate into Europe where 
they came into contact with existing populations of European Neandertals. Under the 
tenets of this hypothesis, EMHs and the European Neandertals they encountered could 
have either experienced admixture or not. The only thing Weidenreich was quite clear 
about here is that there would be no reason to assume European Neandertals could not 
have experienced admixture with early modern humans (EMHs) (Weidenreich 1943a; 
Weidenreich 1947a). It is this interpretation of the trellis model with Weidenreich’s 
emphasis on gene flow between hominin populations that largely influenced the later 
development and modification of MRE theory. 
 A second interpretation of Weidenreich’s research, perhaps even more strict than 
the first, places more emphasis on what other anthropologists have called the polycentric 
nature (Howells 1967; Howells 1942) of the trellis model. Weidenreich does state that 
under his interpretation of the fossil record populations of archaic hominins would 
evolve into modern humans in different parts of the Old World. However, they would 
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not have evolved fully isolated from one another due to constant gene flow between 
different groups, as was implied by others’ interpretation of his work (specifically WW 
Howells) (Weidenreich 1943a; Weidenreich 1943b; Weidenreich 1946; Weidenreich 
1947a). A truly strict review of Weidenreich’s original publications does need to 
acknowledge that he argued that modern human populations existing today in different 
regions of the Old World evolved from previous archaic populations in those regions in 
semi-independence from one another, though they never lost their ability to experience 
admixture with other populations. For example: 
“If we admit that mankind of today, uniform regarding its general 
character but differing special appearance, has developed from various regional 
stocks starting even from on [an] earlier stage than that represented by the 
Prehominids, and if we assume, furthermore, that development was not going on 
simultaneously everywhere but was accelerated in one place and retarded in 
another, perhaps as a consequence of local influences, then all the discrepancies 
between the morphologic and chronologic sequence of the known types of fossil 
man can be understood. The old theory, claiming that man evolved exclusively 
from one center whence he spread over the Old World each time afresh after 
having entered a new phase of evolution, no longer tallies with the 
paleontological facts. For Pithecanthropus and Homo soloensis, both inhabitants 
of the same region, represent undoubtedly subsequent stages of one and the same 
local Javanese branch of early man and prove thereby, at least so far as Java is 
concerned, that Java Man was tracing his own way in the direction of recent man 
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independent of what may have happened to similar stages in other parts of the 
world” (Weidenreich 1940:381-382). 
 The second interpretation of Weidenreich’s work is no longer tenable with over 
75 years of additional anthropological research. Some of his conclusions have been 
disproven given the state of our knowledge on hominin evolution and modern human 
variation today, including those that state there was a goal in hominin evolution of 
becoming modern, that human evolution stagnated in certain geographic regions, and 
that certain populations “achieved” modernity at different rates (Weidenreich 1940; 
Weidenreich 1947a). Weidenreich was a product of his time, one in which the majority 
of anthropologists held similar views. Other contributions he made have better stood the 
test of time, including those pointing out the importance of gene flow in hominin 
evolution. It is important to note that the later falsification of certain parts of 
Weidenreich’s work does not discredit the entirety of his model of hominin evolution. 
The scientific process is designed to build upon disproven hypotheses and those 
revisions become building blocks for future work.  
 It is unfortunate that Weidenreich’s theories of Late Pleistocene hominin 
evolution regarding the importance of gene flow were simplified in the academic 
literature by both his contemporaries and later anthropologists. WW Howells, whose 
work was some of the first to introduce multivariate statistics to paleoanthropology, 
portrayed Weidenreich’s work as polygenic or polyphyletic in nature (Howells 1942). In 
other words, Howells simplified Weidenreich’s hypotheses into the evolution of modern 
Homo sapiens in each geographic region of the Old World independent of each other 
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and experiencing little to no gene flow across those geographic boundaries. This form of 
evolution can be described as a candelabra model (Figure 6), rather than the trellis model 
proposed by Weidenreich (Figure 5).  
 
 
Figure 6. Howells' adaptation of Weidenreich's trellis model (Howells 1967:241). 
 
It has been claimed by later paleoanthropologists that Howells’ interpretation of 
this model of hominin evolution is so over-simplified as to be a misinterpretation of 
Weidenreich’s theory (Trinkaus and Shipman 1993; Wolpoff et al. 2004; Wolpoff et al. 
2000). This misrepresentation of MRE has plagued paleoanthropologists for decades. 
The misunderstanding was perhaps understandable at the beginning of the generation of 
MRE theory, but this incorrect interpretation has persisted long after the refinement of 
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MRE. WW Howells’ interpretation of multiregional theory actually much more closely 
resemble the hypotheses put forth by Carleton S. Coon in his publications beginning in 
the late 1930s. Coon modified Weidenreich’s original hypothesis and greatly 
deemphasized gene flow between geographic regions of the Old World, though he did 
not discount it entirely (Coon 1962). Specifically, in his book The Origin of Races, 
which he dedicated to Franz Weidenreich, he stated: 
“My thesis is, in essence, that at the beginning of our record, over half a 
million years ago, man was a single species, Homo erectus, perhaps already 
divided into five geographic races or subspecies. Homo erectus then evolved into 
Homo sapiens not once but five times, as each subspecies, living in its own 
territory, passed a critical threshold from a more brutal to a more sapient state” 
(Coon 1962:657). 
Coon’s hypothesis of modern humans evolving essentially independently from 
one another five times (Figure 7) was met with a mixed reception on the academic stage. 
He did find support in figures such as Ernst Mayr (Mayr 1962), but was also fiercely 
criticized by scientists such as Sherwood Washburn (Washburn 1964) and others 
(Dobzhansky 1961; Dobzhansky 1963a; Dobzhansky 1963b; Montagu 1963). Coon’s 
work was seized upon by the segregationist movement and used to argue for European 
supremacy. It was apparent by 1962 and the publication of The Origin of Races that this 
was not a new phenomenon for Coon. In 1950 he stated, “…we have no right to stop 
working because our material may be dangerous when placed in unskilled hands, any 
more than atomic physicists should cease their researches for the same reason” (Coon et 
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al. 1950). With this statement, published only five years after the bombing of Hiroshima 
and Nagasaki, Coon demonstrated his disregard for the ethical implications of his 
research. 
 
 
Figure 7. Model of polycentric hominin evolution adapted from Coon (1962:657). 
 
 
The models created by Weidenreich, and later Coon, were not well received by 
other anthropologists at the time they were published. The majority opinion by far 
appeared to support the alternate view of Late Pleistocene hominin evolution where 
archaic populations did not contribute to and were not direct, sole ancestors of later 
modern populations (Trinkaus and Shipman 1993). C. Loring Brace was one of the few 
anthropologists who examined Weidenreich’s work and argued against an abrupt 
morphological and archaeological break between Neandertals and Upper Paleolithic 
modern humans in Europe, meaning that that Neandertals were ancestral to modern 
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humans. These conclusions generated controversy in paleoanthropology and the harsh 
criticism between the two competing theoretical camps negatively impacted 
communication for decades (Brace 1962; Brace et al. 1964). 
The candelabra-like model of hominin evolution (Figure 7) and modern human 
origins proposed by Coon and Howells’ misinterpretation of Weidenreich’s work 
became closely associated with the origins of MRE theory (Templeton 2007). Because 
of this, the origins of MRE have an unfortunate affiliation with the segregationist 
movement of the American mid-20th century. With the benefit of hindsight, we now 
know that Coon’s conclusions were deeply and inherently flawed, but their association 
with the beginnings of MRE cast a long shadow over the further development of this 
body of theory.  
 
2.4 1980s to Present-Day 
 In the 1980s, two oppositional bodies of theory were created to interpret the 
landscape of Late Pleistocene hominin evolution: 1) the Out-of-Africa (OOA) or 
Replacementist view and 2) the Regional Continuity or Multiregional Evolutionary 
(MRE) view (Aiello 1993; Stringer and Andrews 1988).  The contentious nature of the 
debate has persisted in certain instances and collaboration has been complicated by 
persistent miscommunication between the two major camps. Reasons for the continued 
debate have been examined in detail in the academic literature (Wolpoff et al. 2004; 
Wolpoff et al. 2000; Wolpoff et al. 2001).  
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It appears that one of the largest assumptions employed by both sides of the 
debate is that each body of theory has remained stagnant in the face of continued 
scientific discoveries. It is very common for opposing camps to take articles describing 
the hypothetical models of Late Pleistocene hominin evolution from nearly a century ago 
and assume that current scientists are still operating under those same principles. This 
misinterpretation seems especially prevalent when the origins of MRE theory are 
examined. While both OOA and MRE based models certainly do inherit a great deal 
from previous work, both theoretical concepts have been modified in response to 
discoveries in the fossil, archaeological, and paleogenetic records. The body of past 
theoretical publications creates a historical context whereby both modern OOA and 
MRE can be better understood, but it is an oversight to ignore recent publications from 
both sides of the debate. 
 In addition to the two main sides of the debate (OOA and MRE), strict 
interpretations of which can be viewed as opposite ends of the theoretical continuum, 
more intermediate models have also been created to bridge the gap between the two 
sides. Hominin evolution is/was an extremely complex process and the pattern that took 
place in one geographic area at one time might not necessarily be the same in other areas 
and at other times. The main intermediate model that will be discussed here is the 
Assimilation Model (AM), specifically how it addresses Late Pleistocene evolution of 
Late Neandertals and EMHs. Other derivative models of MRE and OOA, such as the 
Afro-European sapiens hypothesis (AES), are discussed within the sections for those 
main bodies of theory. 
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 As previously stated in this section, the fossil record has undergone a great deal 
of expansion and upheaval since 1980. These changes include both modifications of 
what we already thought we knew, as well as additions of completely new specimens to 
our body of knowledge. One of the largest changes to the former of these two categories 
is encompassed by the increased accuracy of absolute dating methods including, but not 
limited to, radiocarbon dating and the calibration curve, electron spin resonance (ESR), 
and uranium/thorium (U/TH). Specimens that were unable to be dated by absolute 
methods are now accessible by any number of different techniques and, in other cases, 
specimens have been redated and found to actually belong to different time periods than 
originally thought. The impact of absolute dating on modern paleoanthropological study 
cannot be overstated. 
 One of the best examples of how absolute dating directly impacted 
interpretations of Late Pleistocene evolution and the origins of modern humans can be 
seen in the redating of the specimens from the Levant: specifically Amud, Tabun, 
Kebara, Skhūl, and Qafzeh. For many years it was assumed that the more modern 
specimens from Skhūl and Qafzeh were younger than the Neandertals recovered from 
Amud, Tabun, and Kebara, due to pervasive assumptions in paleoanthropology 
regarding the deterministic nature of hominin evolution. It was commonly believed that 
hominin morphology changed in a linear manner from more to less robust throughout 
time. Thus, more gracile “modern” specimens were thought to be younger than more 
robust archaic looking specimens. A typical interpretation of the Levantine fossil record 
was that the Neandertaloid group (from Amud and Tabun) inhabited the area first and 
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the more modern group from Skhūl and Qafzeh came later. The population represented 
by Skhūl and Qafzeh was also hypothesized to either be: 1) directly descended from 
Neandertals and ancestral to later fully modern Homo sapiens or, 2) be a hybrid 
population between Neandertals and modern humans (Brace et al. 1964; Keith and 
McCown 1937; McCown and Keith 1939; Montagu 1947; Weidenreich 1946; 
Weidenreich 1947a; Weidenreich 1947b).  
 Prior to the late 1980s, it was believed that the Skhūl/Qafzeh specimens dated to 
approximately 40 thousand years ago and those from Amud, Tabun, and Kebara dated to 
greater than 50 thousand years ago. In 1988, the hominin-bearing deposits at Qafzeh 
were tested with thermoluminescence (TL) and electron spin resonance (ESR) methods 
on burned flints. The researchers obtained dates that were much older than expected: 
~90-100 thousand years ago. These dates were approximately 40 ka older than the then 
recently dated Neandertal specimens from Kebara, which had been absolutely dated to 
~60 thousand years ago. (Schwarcz et al. 1988; Valladas et al. 1988). The reaction to the 
revised dates was not universally and immediately accepting, especially among 
prominent proponents of MRE, and the results were criticized both on the basis of the 
methodology, as well as the implications for hominin evolution in the Levant (Bower 
1988; Stringer et al. 1989). 
This interpretation of the revised Levantine fossil record was based partially on 
the assumption that the EMH individuals from the Skhūl site still belonged to a 
significantly younger era, possibly as young as the previously hypothesized ~40 
thousand years ago. This produced a picture where it appeared that EMH moved into the 
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Levant very early and experienced a long period of contemporaneity and overlap with 
Neandertals of as little as 20 thousand years ago or as great as 40 thousand years ago 
based on the previously obtained dates for the Kebara Neandertals. The question of how 
Neandertal and EMH populations maintained morphological distinctness and apparent 
stasis (for the EMH group) was of great concern (Bower 1988; Wolpoff 1989). This 
question was partially answered in 1989, when the dating of the Skhūl EMHs was also 
revisited with TL and ESR methods. The dates produced by this analysis, 81 ± 15 
thousand years ago and 101 ± 12 thousand years ago, fell in line neatly with the 
information previously obtained on the Qafzeh material. This indicated that the Skhūl 
and Qafzeh material were both contemporaneous and much older than the documented 
Neandertal presence in the Levant (Stringer et al. 1989). There was then no apparent 
evidence for a long period of morphological stability in the Levantine EMH population, 
though there still existed the possibility of a long period of overlap between the two 
populations.  
Questions regarding the possibility of extended overlap between Levantine 
Neandertals and EMHs have also been addressed using complimentary archaeological 
and faunal data. It was discovered that the Skhūl and Qafzeh EMHs, who inhabited the 
area during OIS 5, were associated with an African biome, while the later-dated 
Neandertals were not (Tchernov 2002). The implication is that the EMHs of the Levant 
retreated back into the African Continent or underwent a process of localized extinction 
when temperatures dropped, which allowed Neandertals to expand into the area with 
colder-associated fauna (Tchernov 2002).  
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The preceding Levantine case study demonstrated to paleoanthropologists that 
the traditional model of deterministic evolution for hominins from robust to gracile in all 
geographic areas and at all times was truly intellectually dead. And it is quite probable, 
based on this data, that EMHs and Neandertals never overlapped or came into contact in 
the Levant. In this particular area and at this particular time period, it appears that a 
replacement-based model best fits the available evidence. However, this conclusion does 
not have any bearing on hypothesized evidence of admixture or contact via morphology 
or archaeology in other geographic regions and at other times.   
  
2.4.1 The Replacement Model and Its Derivatives 
 By the 1980s, it was commonly accepted by the scientific community that a 
traditional interpretation of the Presapiens model no longer fit with the hominin fossil 
record. It was apparent that the available data had disproven the idea that large brains 
evolved prior to more gracile faces. It had also disproven the hypothesis that there was a 
deep time scale regarding the origins of fully modern morphology and that evolution had 
taken place in Europe (Bräuer 1984). Paleoanthropologists began the process of 
reexamining the fossil record to produce new theories of Late Pleistocene hominin 
evolution in the Old World. In addition to the fossil record, new lines of evidence were 
incorporated into the debate, such as ancient DNA (aDNA), increased accuracy in 
absolute dating methods, calibration of carbon-14 dating, increased reliance on 
quantitative methods, etc. 
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 Gunter Bräuer sought to completely revise the Presapiens model and, in 1984, 
published his Afro-European sapiens-hypothesis (AES). The AES was first introduced 
by Bräuer in 1982 at a meeting of the Congrès International de Paléontologie Humaine 
in Nice, France, and was developed extensively in the early to mid-1980s. Bräuer’s work 
was expansive in examining the Middle and Upper Pleistocene fossil record from Africa 
and incorporating that with what was also known about the revised record for Europe 
and Asia. The AES postulates that it was unlikely that modern humans first appeared in 
Northern Africa. Instead, it was thought that an archaic population with Neandertal 
characteristics inhabited Northern Africa until at ~30 ka bp. This was largely based on 
interpretations of the Mugharet el’ Aliya and Jebel Irhoud specimens. The AES also 
proposes that EMHs first appeared in Eastern or Southern Africa and that, by the Late 
UP, had spread across most of the African Continent. The model also proposes that 
EMHs did not leave Africa until the LGM, or Würm glaciation, after which they 
replaced and possibly experienced some limited admixture with the archaic populations 
they may have encountered (Bräuer 1984). 
 As thorough as Bräuer’s work (1984) was, the AES was quickly disproven in the 
next decade. Each of the previous three tenets of the model listed in the previous 
paragraph has been disproven or was show to be based on evidence that has been 
reinterpreted or heavily revised. The first and second propositions of the AES (that 
EMHs did not evolve in Northern Africa because there was an existing population of 
Neandertals in that area and thus EMHs first appeared in Southern or Eastern Africa) are 
based on the hypothesis that fossils from sites like Jebel Irhoud and Mugharet el’ Aliya 
 53 
 
can be classified as Neandertals. North African fossils, such as those from Jebel Irhoud, 
were originally thought to be Neandertals based on their higher levels of morphological 
robusticity. In addition, the presence of parasagittal lateral bulging was noted, which is 
also seen in European Neandertals (Bruner and Pearson 2013). However, some of these 
North African specimens have since been reclassified as representative of EMHs. This 
reclassification is based on their early date of ~160 thousand years ago as well as a 
detailed assessment of their developmental patterns that group with modern humans 
rather than Neandertals (Smith et al. 2007). Many paleoanthropologists have argued 
convincingly that the presence of Neandertal autapormophies, traits unique to 
Neandertals, have not been documented on the Jebel Irhoud group (Hublin 2001). The 
traits previously argued to be indicative of Neandertal affinity are now thought to be 
symplesiomorphic in nature (Bruner and Pearson 2013; Hublin 2001). 
 The final tenet of the AES proposed by Bräuer in 1984 is that EMHs did not exit 
the African Continent until very late, during the time of the Last Glacial Maximum 
(LGM) (Bräuer 1984). This hypothesis was based partially on the then accepted dates of 
the Skhūl and Qafzeh specimens and their relationship with the Levantine Neandertals. 
Tenet #3 does make sense if the Skhūl and Qafzeh EMHs were younger than the 
Neandertals from the same geographic area. At the time that Bräuer created the AES, the 
Levantine fossil chronology had not yet been revised. The AES chronological scheme 
was also based on the assumption that no EMH fossils could be documented in Europe 
until during the LGM. Revised dating of European EMHs has also found this 
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interpretation to be incorrect, with some of the oldest documented EMH fossil dated to 
~39 ky cal BP (Trinkaus 2005; Trinkaus et al. 2003). 
 After the evidence demonstrated that the AES needed to be greatly modified, 
Bräuer published a revision of the model in 1992. This version became known as the 
African Hybridization and Replacement model (AHR). The details of the AES were 
modified to fit the current interpretation of the chronology of the hominin fossil record, 
but the AHR model kept the hypothesis that EMH populations exiting Africa largely 
replaced the archaic populations they came into contact with. The AHR does continue to 
allow for some limited admixture between modern and archaic populations in different 
areas of the Old World, but that gene flow is seen as not extremely significant in the 
formation of later modern populations (Aiello 1993). 
Another replacement-based model for Late Pleistocene evolution was also being 
generated during the late 1980s and early 1990s. In 1984 Chris Stringer proposed the 
first version of what would become known as the Out of Africa (OOA) model (Stringer 
1992). This model is also called the Recent African Origins (RAO), Recent Single-
Origins Hypothesis (RSOH), or Out of Africa II (OOA II) in the paleoanthropological 
literature (Smith et al. 1989). One of the main differences between the RAO and the 
AES/AHR is that, in the RAO, admixture between archaic and incoming modern 
populations is hypothesized not to have occurred at all (Stringer 1992). On the 
continuum of models of Late Pleistocene hominin evolution from replacement to 
continuity, the RAO is the most extreme of the replacement-based models. The original 
formulation of the RAO model set the African Continent as the place of origin for the 
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evolution of modern humans (Stringer and Andrews 1988; Stringer 1992), though it does 
not specify a specific region of that continent as does the original version of the AES 
(Bräuer 1984). 
“…the single origin model assumes that there was a relatively recent 
common ancestral population for Homo sapiens which already displayed most of 
the anatomical characters shared by living people. Proponents of this model have 
proposed Africa as the probable continent of origin of Homo sapiens, with an 
origin for the species during the early part of the late Pleistocene, followed by an 
initiation of African regional differentiation, subsequent radiation from Africa, 
and final establishment of modern regional characteristics outside of Africa” 
(Stringer and Andrews 1988:1263). 
 One of the most controversial tenets of the RAO model proposed by Stringer and 
Andrews is the reliance on replacement in the formation of EMH populations across the 
Old World. Under the RAO, EMHs moved out of Africa in the Late Pleistocene and 
either did not encounter archaic populations or replaced them without admixture if they 
did come into contact. Stringer and Andrews (1988) state, “Transitional fossils would 
not occur outside the African area of origin, and population replacement would represent 
the mode of establishment of Homo sapiens in other areas.”  
 The authors of the original version of the RAO argued strongly that there is no 
genetic nor morphological evidence of gene flow between EMHs and archaic 
populations anywhere in the world. With regards to their arguments on Europe 
specifically, all fossils that paleoanthropologists had previously interpreted as displaying 
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evidence of transitional morphology were instead argued to not display any 
morphological indicators of interbreeding. Instead, any archaic traits found were 
typically interpreted instead as shared ancestral traits. The modernity and relative 
gracility of the first European EMHs was emphasized and the European fossil record 
interpreted as showing a distinct break between Neandertal and EMHs. The origins of 
modern humans by RAO was treated as a speciation event (Aiello 1993; Stringer and 
Andrews 1988; Stringer 1992). 
 Stringer & Andrews’ (1988) original publication concisely laid out the 
predictions for the fossil record if RAO were the method by which Europe was peopled 
by modern humans. In addition, the RAO proposed a major shift in population dynamics 
during the Late Pleistocene. Rather than long periods of continuity in isolated 
geographic areas dating to when those regions were first peopled by ancestral 
populations in the Early Pleistocene (specifically during the Calabrian stage of the 
Pleistocene), the RAO proposed that a sharp break was observable in the fossil, 
archaeological, and genetic records. The proposed pattern is illustrated in Figure 8, 
which includes the original caption (Stringer 1992).  
 Both ROA and the AHR have proven to be very popular among 
paleoanthropologists and these two hypothetical models have been continuously tested 
with new fossil and other data as they appear. It is not uncommon for research questions 
to be approached with the assumption that the ROA or AHR has already been “proven” 
correct. However, this approach should be taken with extreme caution. 
Paleoanthropology is governed by the same laws as all scientific studies in which a 
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hypothesis can only be disproven or fail to be disproven. The modern versions of 
replacement-based models certainly offer a compelling hypothesis on the interpretation 
of the hominin fossil record and, given the nature of paleoanthropological study, the 
debate between the appropriateness of replacement and MRE-based models will not 
wane in the future. 
 
 
Figure 8. Stringer's illustration of the RAO (1992:12). 
 
2.4.2 Multiregional Evolution (MRE) and Its Derivatives 
 In the early 1980s, during the same time as the development of the AES and 
RAO, paleoanthropologists were also developing hypotheses of Late Pleistocene 
hominin evolution that argued for the importance of gene flow and regional 
morphological continuity. As with the origins of Weidenreich’s model, the origins of 
modern MRE theory were formed using data from Asia rather than Europe. In 1981, 
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Thorne and Wolpoff reported that there appeared to be evidence of morphological 
continuity between the reconstructed Sangiran 17 specimen discovered in Indonesia and 
male individuals from the Australian site of Kow Swamp. While this possible continuity 
had been noted in the 1940s by Weidenreich, Thorne and Wolpoff set out to metrically 
quantify the similarities and possible relationship. The authors argue that it is not the 
presence of any one morphological trait, but the overall pattern and frequency of traits in 
both Indonesian Homo erectus and modern Australo-Asian specimens that indicates 
some form of contribution (i.e. gene flow) by the archaic population to later modern 
populations from the same area. Contrary to some later interpretations of their work, 
Thorne and Wolpoff never argue for an isolated or region-specific evolution of Homo 
erectus into later modern humans. For example, “Regional continuity need not be 
considered indicative of prolonged genetic isolation…Indeed, the grade differences 
between Sangiran 17 and the Kow Swamp group outweigh the similarities we regard as 
due to morphological clade, and by and large these differences are evolutionary trends 
that were worldwide.” The overall morphological pattern observed in the fossil evidence 
is one where the center of the population displays higher levels of morphological 
variability than the populations at the geographic edges of their range (Thorne and 
Wolpoff 1981). 
 Based on their analysis of the SE Asian evidence, Thorne and Wolpoff (1981) 
proposed a “Center and Edge” model (C&E) for the creation of the pattern seen in the 
morphology of Homo erectus through modern humans. The hypothetical model for the 
development of modern humans under C&E as proposed by Thorne and Wolpoff states 
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that Homo erectus evolved in East Africa and was the first hominin group to migrate out 
of the African continent, dispersing into the geographic peripheries of Asia and Europe. 
After this large scale migration, clinal differences were established among hominin 
populations in different geographic regions and the hominin populations at the 
geographic peripheries tend to show a more morphologically homogenous pattern. The 
long term morphological continuity and stability is created and maintained by a 
continuous level of recurrent gene flow radiating from the geographic center to the edge 
populations (Thorne and Wolpoff 1981; Wolpoff et al. 1984).   
 By the 1980s, it had become apparent that the geographic origin of the hominin 
lineage was in Africa rather than elsewhere in the Old World. The fossil evidence 
collected from Africa had, by that point, made it increasingly apparent that Euro-centric 
unilineal hypotheses of hominin evolution were no longer tenable. The question that 
began to be asked in the 1980s was whether or not there was evidence of a second major 
wave of migration out of Africa significantly later than the first migration of Homo 
erectus into the rest of the Old World. This second wave was proposed by RAO 
proponents to have consisted of EMH populations that swept through and completely 
replaced any remaining archaic populations they might have encountered without the 
exchange of genetic material (Harvati et al. 2004; Klein 2003). These hypotheses ran 
counter to the interpretations of the fossil record in Europe and elsewhere by proponents 
of models that incorporated gene flow. When MRE was applied to the European Fossil 
record to interpret the relationship between Neandertals and EMHs, proponents of this 
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model concluded that there was ample evidence to conclude that Neandertals contributed 
to later modern populations. 
“Do modern Europeans have a single unique African ancestry, or are 
European Neandertals among their ancestors? We show here that the hypothesis 
that Neandertals are a significant part of the ancestry of Europeans is well 
supported…To be clear, ‘significant’ in this context means that Neandertal are 
among the ancestors of later Europeans, not that Neandertals are the unique or 
only ancestors of later Europeans…that Neandertals provided enough of a 
genetic contribution for their traits to be readily identifiable in later Europeans, 
and some even found in Europeans today” (Wolpoff et al. 2004). 
 Through the 1980s and 1990s, a series of opposing articles were published in the 
academic literature and the two theoretical camps of MRE and RAO became 
increasingly polarized (Aiello 1993; Thorne and Wolpoff 1981; Wolpoff et al. 2000). 
While modern MRE was developed specifically to explain the patterns observed in the 
East Asian fossil evidence, the transition from Neandertals to EMH in Europe is often 
viewed as a “stronghold” of MRE theory by critics (Cavalli-Sforza 1998). MRE 
traditionally emphasizes gene flow and regional continuity (i.e., admixture with archaic 
populations) to a large degree. MRE proposes instead that, once populations were 
established throughout the Old World, all populations experienced at least some small 
level of gene flow with adjacent populations and thus that a traditional speciation event 
was not behind the appearance of Neandertals and later modern humans. In fact, in some 
versions of MRE it has been proposed that all populations of hominins since Homo 
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erectus sensu lato can be subsumed under a single species hypothesis (Wolpoff 1984; 
Wolpoff et al. 2000).  
Part of the contentious nature of the debates concerning MRE versus RAO-based 
models is due to repeated misinterpretation of the nature of MRE and its subsidiary 
models. The models that proponents of replacement-based hypotheses were critiquing 
were typically more methodologically similar to the predecessors of modern MRE 
created in the earlier parts of the 20th century (Relethford 2008; Relethford 1998; 
Templeton 2007; Wolpoff et al. 2000). By the 1980s and 1990s, those models were 40 or 
50 years past their initial formation and were in the process of being updated (as were 
the replacement-based models) to take into account the immense changes the fossil and 
archaeological record had seen in the interim. The development of anthropological and 
evolutionary theory as it pertains to hominins has never stagnated or enjoyed a long 
period of true stasis. While it is incredibly important to understand the theories from 
which current evolutionary models were developed, it is a mistake to make the 
supposition that previous models can stand in place of what the current models 
hypothesize. 
MRE readily acknowledges the high levels of complexity that may have occurred 
over the course of hominin history during the Pleistocene. Rather than proposing one 
simple answer for the origins of modern humans, as does RAO, instead MRE proposes 
that there were many factors involved in hominin evolution and the pattern seen in one 
region at one time does not imply that other areas and other times have the same 
evolutionary pattern (Smith et al. 1989; Thorne and Wolpoff 1981; Wolpoff 1984; 
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Wolpoff et al. 1984). This incredible complexity, while perhaps a more appropriate way 
to frame evolutionary hypotheses, has also added to the confusion in the literature as to 
the specific structure of MRE. 
 As a result of the changing evidence, including the polarization of MRE and 
replacement-based models in the 1980s, an ever increasingly detailed fossil and 
archaeological record, and the development of more accurate ancient genetic analyses, 
other “weaker” theoretical models were developed. The AES and the AHR, as 
previously discussed, grew out of strict replacement-based models. The Assimilation 
Model (AM) grew out of the multiregional side of the theoretical spectrum.  
 In the AM, modern humans are hypothesized to have evolved in Eastern Africa 
at a fairly recent date and then migrated out of the African Continent, perhaps in 
successive or multiple waves, where they encountered extant populations of archaic 
hominins in varying densities across the Old World. These archaic populations were then 
absorbed into EMH populations by a process of admixture. However, the levels of gene 
flow between archaic and modern populations may have varied widely between different 
geographic regions. The major theoretical themes of the AM do not differ widely from 
the AES and weaker versions of the RAO. However, the AM postulates that the gene 
flow that occurred between archaic and modern groups was significant despite the fact 
that absolute levels of admixture may have been quite small. The AM differs from MRE 
mainly in the levels of gene flow that are hypothesized to have occurred (Smith et al. 
1989; Smith et al. 2012). 
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 The AM predicts that evidence of the assimilation of archaic populations should 
be found in later modern populations, but that the degree of that evidence is less than is 
predicted by the strict modern MRE. This evidence of continuity between archaic and 
modern groups might also vary in different geographic regions (Smith et al. 2012). 
Evidence of contact between archaic hominins and incoming EMH populations could 
also be seen in the archaeological record under the theoretical constraints of the AM. 
Here this might take the form of transitional industries between technocomplexes 
associated with the two groups.  
The AM had a poor reception in the 1990s and received very little support until 
the mid-2000s (Gibbons 2011). Increased support of the AM was gained in the academic 
literature following morphological analyses of specimens such as Oase (Trinkaus et al. 
2003; Zilhão et al. 2007) and the more controversial Lagar Velho I (Duarte et al. 1999). 
The research into aDNA evidence for European pre-history specifically has been used to 
argue both for and against the AM and MRE models (Holliday 2014; Stringer 2014). 
When analyzing the data from Europe, Trinkaus stated, “…the ubiquitous evidence 
among early modern humans for some level of admixture with regional late archaic 
human groups outside of eastern Africa indicates that assimilation was neither rare nor 
trivial. It was the geographically dominant pattern” (2005). 
 
2.5 Summary 
 The two diametrically opposed viewpoints between RAO and MRE models of 
Late Pleistocene hominin evolution that developed in the 1980s and 1990s were not 
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unique in the history of paleoanthropology. From paleoanthropology’s infancy in the late 
19th and early 20th centuries up to the present date, the field has generally formed itself 
into two oppositional bodies of theory especially in regards to the origin of modern 
humans. These two camps can be described over the past 125 years as either 
replacementist or those models that are accepting of either gene flow/archaic 
contribution to later modern populations.  
The tenants of replacementist models have changed less dramatically over the 
course of 100 years than has the body of gene flow/admixture theory and statements 
made by scholars such as Marcellin Boule 100 years ago are remarkably similar to some 
of the arguments put forth in modern paleoanthropological studies. However little some 
of the arguments have changed in replacement-based models, the theoretical reasons for 
the exclusion of archaic populations as even tangentially ancestral to modern humans 
has changed. When paleoanthropology was in its beginnings as a discipline, it was 
commonly believed that modern humans needed to present a pure lineage with no 
contribution from other populations for religious reasons (Trinkaus and Shipman 1993). 
The most striking difference between the two camps is how they treat the possible 
contributions of archaic populations to later populations. The MRE and AM camp says 
that this contribution, even if small, was important and mattered in the grand scheme of 
ancient population dynamics and the evolution of humans throughout time. The RAO 
and AES camp says that, if this contribution happened, it was so small as to essentially 
be insignificant in the creation of modern human populations around the globe. 
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 As applied to this study, these two types of models have distinct implications for 
Late Pleistocene hominin behavior in Europe. Replacement-based models hypothesize 
that Late Neandertals and EMHs experienced no or minimal amounts of admixture 
if/when they came into contact. Under the basic tenets of replacementist models these 
two populations may or may not have overlapped geographically, thus models 
investigating the exact nature of Late Pleistocene population dynamics in Europe can 
imply discrete or overlapping fundamental niche parameters and still fit under the 
umbrella of replacement based models. However, models that hypothesize or imply 
separate niches, and thus discrete areas of suitable habitat for Neandertals and EMHs, 
can always be classed as replacement-based. The Ebro Frontier Model (EFM), 
hypothesizes that there was an eco-geographic barrier that separated Late Neandertals 
and EMHs in Iberia until approximately 30 thousand years ago. The implication is that 
the fundamental niches of these two populations in Iberia remained discrete until 
immediately prior to Neandertal extinction. In contrast, models of Late Pleistocene 
evolution that place more importance on gene flow between archaic and modern human 
groups imply some level of niche and geographic overlap. This hypothesized overlap is 
necessary to the Assimilation Model (AM) and Multiregional Evolution (MRE) in order 
to facilitate admixture between hominin populations, and as specifically addressed by 
this dissertation, European Late Neandertals and EMHs. 
 As this review shows, the implications for the nature of Late Neandertal and 
EMH population dynamics, interaction, and ecology for replacement-based and 
admixture-tolerant models are often left unstated and untested. However, once they are 
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examined closely, testable hypotheses concerning these topics become apparent. This 
dissertation takes a novel and multidisciplinary approach to addressing these holes in our 
current body of knowledge. 
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3. THE EBRO FRONTIER MODEL AND 
ECOLOGICAL NICHE MODELING (ENM) 
  
The theories of hominin evolution discussed in Section 2 propose specific 
behaviors for Neandertals and EMHs during the Late Pleistocene in Europe. This body 
of theory has generated many region-specific hypotheses for Neandertal late survival and 
extinction as well as the nature of their possible interaction with incoming EMHs. One 
of the most discussed of these hypotheses is the Ebro Frontier Model (EFM). The EFM 
is of interest to this project in particular due to the fact that it proposes an ecological 
barrier as an explanation for the pattern and mode of Late Pleistocene evolution in 
Iberia. Despite methodological constraints that forced this dissertation to expand its 
analysis and sample beyond the borders of the Iberian Peninsula, a discussion of the 
EFM benefits the project as the ecological mechanism it proposes could be applied to 
other geographic areas and other time periods. This project utilizes novel methods to 
examine whether the Ebro Frontier or other ecological barriers across Europe can be 
identified. This section includes a detailed discussion of the Ebro Frontier Model, the 
history of ecological niche modeling (ENM) in anthropological study, and the theoretical 
constraints of ENM research. 
 
3.1 The Ebro Frontier Model 
The Ebro Frontier Model was first described in the anthropological literature by 
Zilhão (1997) and quickly became a topic of intense debate in paleoanthropology and 
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Paleolithic archaeology (Daura et al. 2013; Duarte et al. 1999; Jöris et al. 2003; Maroto 
et al. 2012; Vaquero et al. 2006a; Vaquero et al. 2006b; Walker et al. 2008; Wood et al. 
2014; Wood et al. 2013; Zilhao 1997; Zilhão 2000; Zilhão 2009). Prior to its debut in the 
literature, Zilhão proposed the model in October of 1991 at the Madrid Conference on 
the Origins of Anatomically Modern Humans. The model is based on two perceived 
observations: 1) that the Mousterian industry appeared to have survived in southern 
Spain (Valencia, Andalucía, and Gibraltar, etc.) until approximately 28-30 ky cal BP, 
and 2) that the Upper Paleolithic first appeared north of the Ebro River Valley (Figure 9) 
and does not move south of that geographic landmark until approximately 30 ky cal BP. 
(Finlayson et al. 2006; Maroto et al. 1996; Villaverde and Fumanal 1990; Zilhão 2000).  
 The Ebro River is located approximately 100 kilometers (62 miles) south of the 
Pyrenees Mountains and runs east-southeast across northern Spain where it drains into 
the Balearic Sea, a section of the Mediterranean Sea (Figure 9). Under the model’s 
tenets, EMHs are proposed to have arrived in the northern portion of Iberia at 
approximately 35 ky cal BP. The Ebro River is hypothesized to have remained a 
meaningful ecological barrier or frontier to both late surviving Neandertals and EMHs 
for approximately 5 to 10 thousand years. After 30 ky cal BP, some change is proposed 
to have occurred and the Ebro River Valley no longer acted as an impermeable 
ecological frontier. Immediately following this change, EMHs entered the southern 
portion of the Iberian Peninsula where they came into contact with the last of the Iberian 
Neandertals. Neandertal extinction in Iberia is then hypothesized to have occurred by a 
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process of competitive exclusion, perhaps aided by admixture and genetic swamping 
(Zilhao 1997; Zilhão 2000; Zilhão 2009; Zilhão and Pettitt 2006). 
 
 
Figure 9. The Iberian Peninsula with a rough outline of the Ebro River Valley. 
Modified from an aerial photograph courtesy of the National Aeronautics and 
Space Administration. 
 
 
 
 The majority of the critique of the Ebro Frontier model concerns the dating and 
geographic location of some archaeological sites. The model was created to explain the 
perceived temporal and geographic distribution of late MP and early UP sites in Iberia 
and was built on the supposition of the late appearance of fully UP technologies south of 
the Ebro River. The distribution of these archaeological sites has been used to argue that 
southern Iberia acted as a refugium for late surviving Neandertals while EMHs were 
prevented from accessing that area until relatively late (Zilhao 1997; Zilhão 2000; Zilhão 
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2009). However, the proposed date of the oldest sites identified as Upper Paleolithic 
south of the Ebro River has undergone much debate and revision in the last 20 years 
(Jöris et al. 2003; Maroto et al. 2012; Wood et al. 2014; Wood et al. 2013).  
The debate surrounding the specific transition from Middle Paleolithic (MP) to 
Upper Paleolithic (UP) in Iberia is complicated by factors regarding the ambiguity of the 
carbon-14 (14C) dating method used to absolutely date these sites. The proposed 
temporal range pertinent to the Ebro Frontier Model (EFM) is close to the effective 
limits of 14C and calibration methods (Anikovich et al. 2007). Any small amount of 
contamination with modern carbon can throw off the resulting dates by at least several 
thousand years, making them appear younger than they actually were (d’Errico and 
Sánchez Goñi 2003; Jöris et al. 2003; Wood et al. 2013).  
Also, the dating of some MP sites in Portugal has been found to be suspect due to 
low levels of collagen or uranium, which can greatly impact the ability to determine 
accurate 14C dates (Zilhão 2000). The site with the most reliable dates from this period 
is Cueva Anton, placed at circa 38 – 32 ky cal BP, but the charcoal that has been used 
for dating this site is not directly associated with the archaeological remains and the data 
has not yet been fully published. The archaeological assemblage in the absolutely dated 
level has only been provisionally classified as MP, based on the size of the assemblage 
and lack of diagnostic UP artifacts (Wood et al. 2013). 
Sites north of the Ebro River containing MP tools, such as El Esquilleu, 
Ermitons, La Güelga, and Cova Gran, have now been assigned more recent dates than 
previously accepted. These new dates fall later than those expected from the Ebro 
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Frontier Model. This may indicate that the terminal MP found north of the Ebro River 
occurred later than was previously thought (Maroto et al. 2012; Vaquero et al. 2006b). 
The reverse also appears to be true: sites with UP material south of the Ebro River, such 
as the caves of Bajondillo and Foradada, have UP occupations that have been re-dated to 
the time period preceding the benchmark proposed by the Ebro Frontier Model (Maroto 
et al. 2012). If the assumption is made that tool types equal population or species level 
differences, the above re-dated sites indicate that Neandertal populations continued to 
exist north of the Ebro River until after 35 ky cal BP and that EMH populations were 
present south of the river prior to 30 ky cal BP (Finlayson et al. 2008). There appears to 
have been less of an abrupt transition from Middle to Upper Paleolithic 
technocomplexes than was previously believed (Maroto et al. 2012; Pike-Tay et al. 
1999; Vega et al. 1999; Wood et al. 2013).  
 As discussed above, the Ebro Frontier Model began as a way to explain the 
perceived geographic and temporal distribution of Middle and Upper Paleolithic sites on 
the Iberian Peninsula. Because the ratio of sites that have produced hominin remains in 
comparison to total number of archaeological sites is quite small, archaeological data has 
been the primary source of information used to support and critique the model. The 
relative paucity of hominin remains from the pertinent time periods has been a 
complicating factor for previous research. Ideally, samples of absolutely dated, 
morphologically diagnostic hominin remains in close association with diagnostic lithic 
artifacts for both Middle and Upper Paleolithic type industries could be used to test the 
assumptions used in the creation of the Ebro Frontier Model, as well as other 
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archaeologically-based hypotheses of Neandertal extinction. Unfortunately, only a few 
diagnostic hominin remains from the Iberian Peninsula and the rest of Europe dating to 
the time period of interest have been recovered and described in peer-reviewed literature 
(Duarte et al. 1999). This makes every hominin specimen that can be confidently 
classified and dated to the time period during and just prior to Neandertal extinction 
extremely important to the discussion of recent hominin evolution in Western and 
Central Europe.  
While the number of sites producing morphologically diagnostic Neandertal 
remains for the time period of this study (43.3 – 36.5 ky cal BP) is relatively small, no 
previous studies have separated out this sample from other archaeological sites when 
investigating Neandertal and early modern human population dynamics during the Late 
Pleistocene. This sample of sites that have produced diagnostic Neandertal remains is a 
more theoretically conservative one for modeling Neandertal presence and the extent of 
their suitable habitat since it avoids the debate concerning using stone tools to act as 
proxies for human populations. After a review of the published peer-review literature, 
only 17 sites that have produced well-dated Neandertal remains for the time period of 
this study were identified by the author of this dissertation, while there are 32 additional 
sites with well-dated Middle Paleolithic layers and 39 sites with Upper Paleolithic 
material. These will be discussed in greater detail in Section 4. 
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3.1.1 Technocomplexes as Proxies for Presence 
 The Ebro Frontier Model is based on several assumptions that have not been 
adequately tested. One of the largest of these is that lithic artifacts assigned to cultural 
technocomplexes can stand as proxies for populational presence. Specifically, 
Neandertals have been assumed to be the exclusive creators of Mousterian and those 
industries typically considered to be MP-derived, i.e., Châtelperronian, Uluzzian, and 
Bohunician. EMHs are assumed to have been the exclusive creators of UP industries, 
such as Early Aurignacian, Aurignacian, and Gravettian (Carbonell et al. 2000; Maroto 
et al. 1996; Maroto et al. 2012; Zilhao 1997; Zilhão 1998; Zilhão 2000; Zilhão 2001; 
Zilhão 2009). However, the equation of lithic technocomplexes with population or 
species level differences has been called into question (Bar-Yosef and Belfer-Cohen 
2001). Unless diagnostic hominin remains have been found in direct association with 
artifacts considered diagnostic to the lithic industries in question, it is very difficult to 
make concrete assessments about which population created them.  
 Another theoretical assumption of the Ebro Frontier Model is the identification of 
MP sites based on the absence of certain types of stone tools, rather than the positive 
identification of diagnostic MP artifacts, such as Levalloisian points. If a site contains no 
blades, bone artifacts, and no evidence of art or personal adornment, it is typically 
classified as MP and thus Neandertal in origin (d’Errico and Sánchez Goñi 2003; Maroto 
et al. 2012). Each site must be evaluated for the identification of diagnostic artifacts and 
information on dating.  
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3.1.2 The Identification of Ecological Frontiers 
 The Ebro Frontier Model (EFM) proposes specific features that impact Late 
Pleistocene hominin evolution in Iberia. One of the most central to this model is the 
proposed presence of an ecological barrier found in northern Iberia at the Ebro River 
Valley.  A meaningful ecological barrier, as described by the EFM, is one that would 
prevent populations from moving through or past it to other potentially suitable habitats 
(Zilhão 2000). In the ecological and biological literature, this concept is known as a 
biogeographic frontier. Biogeographic barriers have commonly been proposed in all 
parts of the world. A few select studies in ecology using genetic testing and ENM 
methods are pertinent to the conversation created when evaluating the major tenets of the 
EFM. This previous work, discussed below, evaluates the validity of other geographic 
features commonly hypothesized to have acted as biogeographic frontiers to animal and 
plant species in the past (during the Last Glacial Maximum, LGM) and during the 
present: the Pyrenees Mountains (Hewitt 2001) and the Strait of Gibraltar (Fritz et al. 
2005; Jaramillo‐Correa et al. 2010). Though these studies do not directly address the 
time period of interest to the Ebro Frontier Model (EFM) and to this dissertation, they 
are still important as the processes that acted on these species during the LGM and now 
should give us insight on how these same processes might have affected Late 
Neandertals and EMHs from 43.3 to 36.5 ky cal BP.  
The Pyrenees Mountains have been proposed as a possible biogeographic frontier 
for other large-bodied, highly mobile mammalian species. However, genetic studies with 
large mammals show that the Pyrenees Mountains were less of a biogeographic barrier 
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after the Last Glacial Maximum (LGM) (approximately 26.5 to 18 ky cal BP) than the 
Alps. Evidence shows higher percentages of brown bear (Ursus arctos) recolonization of 
Europe from Iberia than the Alps during the post-glacial LGM period (Hewitt 2001). 
This indicates that brown bears had an easier time moving across a landscape that 
included the Ebro River Valley and Pyrenees Mountains. In addition, if these geographic 
features did not act as barriers for brown bears, there should be no reason why they 
should act as a barrier to other large bodied mammals, such as hominins, during the 
LGM. 
Recent work in ecology with terrestrial plants and animals has focused on the use 
of genetics to test whether or not proposed biogeographic barriers prevented admixture. 
Studies of Mediterranean conifers (various species) and Spanish pond turtles (Mauremys 
leprosa) found that there was no genetic evidence to support the idea that the Strait of 
Gibraltar acted as a ecologic frontier for these organisms (Fritz et al. 2005; Jaramillo‐
Correa et al. 2010). These two modern organisms have distributions that cover southern 
Europe and North Africa, so studies looking for genetic breaks would be ideal in testing 
for the presence of frontiers.  
 
3.2 Previous Anthropological Studies Using ENM Techniques 
 The Ebro Frontier Model (EFM) makes specific hypotheses about the presence of 
a biogeographic frontier at the Ebro River Valley and the predictions the frontier has for 
the population dynamics of Late Neandertals and EMHs in Iberia. If there was a 
biogeographic frontier that existed at the time and place the model proposes, then these 
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two hominin populations would have been prevented from coming into contact with one 
another until the time just prior to the disappearance of Neandertals from the fossil 
record. This dissertation addresses these hypotheses and predictions created by the Ebro 
Frontier Model (EFM) not only on the Iberian Peninsula, but throughout Western and 
Central Europe. Previous work in anthropology that is pertinent to this discussion has 
focused on using archaeological, rather than fossil, data (Banks et al. 2008b). In 
addition, some of these previous studies have focused largely on examining the 
interactions between sub-populations of modern humans as defined by archaeological 
technocomplexes. For example, examining the geographic extent of the suitable habitat 
for the populations that created Solutrean versus Epigravettian tools, both of which were 
created by anatomically modern humans (AMHs) in Europe (Banks et al. 2008c). 
Many anthropological studies have not used a traditional ecological definition for 
the term “niche.” The adaptation of traditional ENM concepts for use with 
anthropological samples was originally called eco-cultural niche modeling (ECNM). 
ECNM is a set of analytical tools derived from multiple disciplines including 
evolutionary ecology, biology, ENM, and Geographic Information Systems (GIS). It was 
developed in order to predict the distribution of archaeological cultures and 
technocomplexes and was designed at two National Science Foundation and European 
Science Foundation workshops in 2004 and 2005 (Banks et al. 2006).  
 ECNM is centered on the assumptions that archaeological cultures and 
technocomplexes act like faunal species and that industries such as the Mousterian or 
Aurignacian have a one-to-one ratio with their hypothesized creators. These assumptions 
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allow researchers to take location data (latitude and longitude) for sites designated as 
belonging to a certain archaeological culture, perform an ENM analysis, and create maps 
of the potential distributions. Multiple “species” of archaeological cultures may be 
analyzed at the same time in order to compare possible areas of geographic overlap or 
exclusivity. The results are then tested to determine if the resulting models are able to 
predict known test points at a better than random rate (Banks et al. 2006).  
In essence, ECNM takes a non-biological dataset and forces it to conform to a 
modeling system that is geared toward analyzing biological species and populations. The 
assumption that technocomplexes share a one-to-one correlative relationship with their 
creators’ populational affiliation has not been adequately tested for post-50 ky cal BP 
Europe. This could be a potential source of noise in the results of studies using ENM 
techniques and archaeological presence-points. By including the three different samples 
and testing strategies mentioned in the introduction, this study seeks to address the 
theoretical implications inherent in assuming relationships between lithic tool types and 
populations. 
Previous ECNM work in anthropology has been produced by Banks and 
colleagues (Antunes et al. 2014; Banks et al. 2011; Banks et al. 2008a; Banks et al. 
2008b; Banks et al. 2008c; Banks et al. 2013a; Banks et al. 2013b; Banks et al. 2009). Of 
three studies published in 2008, two focus entirely on archaeological data during the Pre-
H4, H4, and Post-H4, as well as the LGM (Banks et al. 2008b; Banks et al. 2008c) and 
one on reconstructing the possible distribution of two common prey species found at 
archaeological sites during the LGM: caribou (Rangifer tarandus) and red deer (Cervus 
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elaphus) (Banks et al. 2008a). Using archaeological samples, two other studies were 
published by the group in 2009 and 2011 (Banks et al. 2011; Banks et al. 2009) 
constructing niche predictions for the LGM. Only one other study by the group focusing 
on archaeological samples in the Pre-H4, H4, and Post-H4 was published in 2013 (Banks 
et al. 2013a; Banks et al. 2013b). This background will discuss the two studies 
completed using reconstructions surrounding H4, as they have direct applicability to this 
project. 
The 2008 study by Banks and colleagues argued for competitive exclusion as the 
driving force behind Neandertal extinction. In the study, sites producing exclusively 
artifacts and those that produced hominin fossils (in addition to lithic artifacts) are 
pooled for the analysis. All sites were absolutely dated. The Pre-H4 MP sample contains 
only three locations that have produced diagnostic Neandertal remains: El Sidrón, La 
Quina, and Mezmaiskaya. Gruta do Oliveira, also included in the Pre-H4 MP sample, 
has produced some fragmentary, non-diagnostic hominin remains traditionally classified 
as Neandertal in origin. No locations in the H4 MP sample that have produced hominin 
remains, diagnostic or otherwise, were included. Gruta do Oliveira is the only site 
having produced hominin remains (though fragmentary and undiagnostic) that is 
included in the Post-H4 MP sample. (Banks et al. 2008b). 
With this mainly archaeological sample, the study concludes that there was 
support for the Ebro Frontier Model shown in the predictive maps for the EMH Pre-H4 
UP and EMH H4 UP tests. The southwestern corner of the Iberian Peninsula is shown as 
not having the presence of environmental variables associated with those samples. 
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(Banks et al. 2008b). However, this apparent barrier is south of the Ebro River Valley, 
beneath the Sistema Iberico Mountains and the Meseta Central plateau. In addition, the 
predictions generated for the MP Pre-H4, H4, and Post-H4 all predict areas of probable 
Neandertal presence north of the Ebro River Valley. 
Banks, d’Errico, and Zilhão’s 2013 study using GARP and Maxent also focused 
exclusively on archaeological samples for the Pre-H4 and H4 Proto-Aurignacian and 
Early Aurignacian technocomplexes (classified as UP industries). All sites were 
absolutely dated. Many more presence points were used here than were used in the 
previous 2008 study due to an increase in research and work with absolute dating of sites 
(Banks et al. 2013a). The same blank area of absence south of the Sistema Iberico and 
Meseta Central seen in the Pre-H4 and H4 of the previous study is also seen in the 
GARP results of this study.  
 As demonstrated above, previous work using ENM methods with 
anthropological samples has been based on the use of lithics to stand as proxies for 
populational presence. However, this assumption has not yet been adequately tested. 
This project is designed to examine the validity of this assumption, as well as examine 
the geographic patterning and areas of overlap of correlated environmental variables for 
Neandertal, MP, and UP sites.  
Anthropologists have become increasingly interested in qualitatively describing 
and quantifying Neandertal and EMH niches. However, this conversation is complicated 
by an inconsistent vocabulary in which the word “niche” often is defined in many 
different ways. Research into hominin niches has included examination of environmental 
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variables (Antunes et al. 2014; Banks et al. 2011; Banks et al. 2008b; Banks et al. 2013a; 
Banks et al. 2006; Banks et al. 2009), isotopic and archaeological analyses of diet 
breadth (Bocherens et al. 2005; Drucker and Bocherens 2004; Finlayson et al. 2011), 
hunting strategies (Estévez 2004; Tortosa et al. 2002), mobility strategies (Burke 2004; 
Kuhn 1995), competition with carnivores (Churchill 2014; Estévez 2004), division of 
labor, the presence of trade networks (Horan et al. 2005), and the ways in which 
hominins modify their environment (contained within Niche Construction Theory, or 
NCT) (Riel-Salvatore 2010). 
 As this review shows, different methods of exploring recent hominin niches each 
provide important perspectives to anthropological research. In order to create results that 
are theoretically rigorous for both the body of evolutionary theory discussed in Section 2 
as well as the previous work discussed in this section, this dissertation uses vocabulary 
and methods based in ecological research to examine Late Pleistocene hominin 
population dynamics in Europe. This approach will also allow results from different 
geographic areas to be rigorously compared to each other. The focus on traditional 
ecological methods will allows this dissertation to answer anthropological questions 
concerning the probable distribution of preferred environments of Neandertal and 
EMHs. In addition, this dissertation expands upon previous research by including 
samples consisting solely of sites that have produced morphologically diagnostic 
Neandertal remains. The results of this study are pertinent to investigating the questions 
raised by the Ebro Frontier Model (EFM) not only in Iberia, but on a continental scale. 
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4. MATERIALS 
 
 The materials used in this dissertation research consist of three 
paleoenvironmental reconstructions for the time period leading up to Neandertal 
extinction, plus presence-only location data representative of Neandertal fossil sites, 
Middle Paleolithic archaeological sites, and Upper Paleolithic archaeological sites. This 
section discusses the specifics of the paleoenvironmental reconstructions, including 
which climatic and topographic layers are included, their dating, and their geographic 
extent. Also discussed here are the presence-data and the rationale for the inclusion of 
the sites chosen for modeling Neandertal and early modern human (EMH) fundamental 
niche parameters, and thus the extent of each group’s suitable habitat and possible range.  
 
4.1 Paleoenvironmental Reconstructions 
Three paleoenvironmental reconstructions were chosen for this project. They 
cover a continuous 6.8 thousand year period between 43.3 and 36.5 ky cal BP. This time 
period occurs immediately prior to Neandertal extinction and the proposed last 
appearance of MP in Iberia at Gorham’s Cave, ~26 ky cal BP (Finlayson et al. 2008; 
Finlayson et al. 2006). They were developed by Le Laboratoire des Sciences du Climat 
et de l’Environment (The Laboratory for Climate and Environmental Sciences) in France 
and first published by Banks and colleagues (Banks et al. 2008b).  
The three reconstructions are centered on Heinrich Event 4. Heinrich Events are 
rapid onset periods associated with global climatic fluctuations and large-scale melting 
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of glaciers resulting in massive iceberg sloughing. The massive influx of fresh water 
from melting icebergs could have interfered with the oceans’ circulation patterns, also 
known as thermohaline circulation (THC) (Heinrich 1988). The cause of these events 
has not yet been determined (Banks et al. 2008b; Daura et al. 2013; Heinrich 1988). The 
three reconstructions used here are: Pre-Heinrich Event 4 (Pre-H4) from 43.3 to 40.2 ky 
cal BP, Heinrich Event 4 (H4) from 40.2 to 38.6 ky cal BP, and Post-Heinrich Event 4 
(Post-H4) from 38.6 to 36.5 ky cal BP. The Post-H4 is contemporaneous with Greenland 
Interstadial 8 (GI8) (Banks et al. 2008b). See Table 1. 
 
Climatic Event Temporal Range 
Pre-Heinrich Event 4 (Pre-H4) 43.3 – 40.2 ky cal BP 
Heinrich Event 4 (H4) 40.2 – 38.6 ky cal BP 
Post-Heinrich Event 4/GI8 (Post-H4) 38.6 – 36.5 ky cal BP 
Table 1. The three paleoenvironmental reconstructions used in this study (Banks et 
al. 2008b). 
 
 
Eight individual topographic and climatic layers make up each individual 
reconstruction (Table 2). The layers are commonly used topographic indexes used in 
GIS analysis. The layers are described here. 1) Accumulation is a compound topographic 
index which quantifies the tendency for water to pool on the landscape. 2) Aspect 
measures the angle of the land’s orientation to the sun. 3) Elevation is here defined as 
height above sea level in meters. 4) Slope can be defined as a measure of topographic 
incline. The environmental variables consist of averaged 5) cold, 6) mean, and 7) warm 
temperature, as well as 8) mean precipitation. The temperature and precipitation layers 
in the paleoenvironmental reconstructions were created using common proxies for 
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examining ancient climates such as Greenland ice core data, Iberian margin cores, and 
general circulation models (Banks et al. 2006). The LMDZ3.3 Atmospheric General 
Circulation Model was used specifically for climatic simulations. The topographic 
variables were generated with the publicly available Hydro-1K dataset created by the 
United States Geological Survey (USGS).  The Pre-H4 encompasses Greenland 
Interstadials 9 through 11, the H4 reconstructs climate for Heinrich Event 4, and the 
Post-H4 reconstruction is contemporaneous with Greenland Interstadial 8 (Banks et al. 
2008b).  
 
Layer Dataset 
Accumulation Pre-H4, H4, Post-H4 
Aspect Pre-H4, H4, Post-H4 
Elevation Pre-H4, H4, Post-H4 
Slope Pre-H4, H4, Post-H4 
Cold Temperature Pre-H4, H4, Post-H4 
Mean Temperature Pre-H4, H4, Post-H4 
Mean Precipitation Pre-H4, H4, Post-H4 
Warm Temperature Pre-H4, H4, Post-H4 
Table 2. Environmental layers included in the paleoenvironmental reconstructions 
used for this project. 
 
 
 
Each paleoenvironmental reconstruction is made up of the same number and type 
of layers, and contains cells of the same size to create results that are comparable with 
one another between the three reconstructions. Average values were generated for each 
cell used in the reconstructions with a resolution of approximately 50 km, or a 0.5 
degree/30 arc-minute grid (Banks et al. 2011; Banks et al. 2008a; Banks et al. 2008b; 
Banks et al. 2008c; Banks et al. 2013a; Banks et al. 2006). A mask layer was employed 
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to clip all the preceding layers to the extent of the shoreline. Because the sea-level for 
the three time periods was lower than modern levels, the layers are set at a paleo-
shoreline level of -90m. The paleo-shoreline was calculated with current topographic 
ocean floor data (Banks et al. 2008b).  
The study area of this project is contained in a World Geodetic System 1984 
(WGS84) georeferenced area between 59.435 and 34.6 degrees latitude and -10.4 and 
33.4 degree longitude (Figure 10). This area would normally include a portion of the 
African continent containing the northernmost sections of modern Morocco, Algeria, 
Tunisia, Libya, and Egypt. However, because Neandertals have never been documented 
to occupy these areas during the time period addressed this study, no portions of the 
African continent were included in the analyses. The climatic variables covering the 
large bodies of water surrounding the European continent, such as the Mediterranean 
Sea, Atlantic Ocean, and Black Sea, were also clipped from the study area. Even though 
there is evidence indicating that late Neandertals and EMHs made use of marine 
resources (Cortés-Sánchez et al. 2011; Richards and Trinkaus 2009; Stringer et al. 2008), 
it is unlikely that Neandertals or EMHs would have been able to survive and reproduce 
on the open ocean for great lengths of time. And, while they did make occasional use of 
these marine resources this study is interested in modeling their terrestrial habitats. It 
should be noted that large portions of the Baltic Sea, English Channel, and the present-
day southernmost extent of the North Sea are included in the terrestrial areas of the 
analysis as these geographic regions were exposed at the lower sea levels during the Pre-
H4, H4, and Post-H4. 
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Figure 10. Present-day extent of the paleoenvironmental reconstructions used in 
this dissertation, including current political boundaries. 
 
 
 
 The study area consists of 58,251 grid cells and contains many topographic 
features that could have affected Late Neandertal and EMH movement and the 
distribution of suitable habitat for each population (Figure 11). These features include 
mountain ranges such as the Alps, the Pyrenees, the Balkans, the Carpathians, the 
Apennines, the Pindus, and the Dinaric Alps, as well as high, rugged areas of the Meseta 
Central on the Iberian Peninsula, the Massif Central located in present-day France, and 
the Dnieper Uplands in present-day Ukraine. In addition to these mountains and 
plateaus, lowland areas of the Great Hungarian Plane, the Ebro River Valley, the Po 
River Valley, the Danube River Valley and corridor, and the Black Sea Lowlands are 
included. 
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Figure 11. Physical map of Europe with major topographic features of interest to 
this study. Modified from a base image courtesy of the National Oceanic and 
Atmospheric Administration. 
 
 
 
Previous research with deep sea cores recovered off the Portuguese coast has 
been used to conclude that open steppe environments were found to the north and 
temperate woodlands to the south of the Ebro River Valley until approximately 30 ky cal 
BP (Zilhão 2009). The topographic and climatological variables used in this study do not 
include vegetation cover, but levels of precipitation and temperature (which are 
included) should vary between these two disparate environments. GARP is capable of 
identifying such differences if they are great enough to make an ecological impact based 
on the sample of sites used to generate the predictive models. 
Other areas of theoretical consideration and experimental design include the risks 
of projecting niche predictions into the distant past and the grain size of the 
environmental layers used in the analysis. The environment is not stable and researchers 
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may not be able to use contemporary environmental data to work with ancient species. If 
the study focuses many millions of years into the past, modern data detailing landscape 
attributes such as slope, elevation, drainage index, aspect, and the location of geographic 
features such as mountain ranges, rivers, and coastlines must be evaluated to determine 
their appropriateness for use in that particular study. For this project, since the maximum 
time depth is a fairly recent 43.3 ky cal BP, the use of general topographic variables like 
elevation, slope, aspect, and accumulation derived from modern data is acceptable. In 
addition, because the sea-level was lower at that time, a sea-level of 90 meters below 
current levels was used for the reconstructions (Banks et al. 2008b). 
Also, grain size of the environmental layers, or the size of the pixels used in the 
analysis, needs to be evaluated. Large models in GARP tend to be more sensitive to 
layers that have different resolution sizes. Having multiple environmental layers with 
different resolution sizes can negatively affect the predictions (Anderson et al. 2003). All 
topographic (and climatic) variables in the paleoenvironmental reconstructions used here 
are scaled to a 0.5 degree/30 arc-minute grid. 
 
4.2 Occurrence Data 
This dissertation uses presence-only location data to model the fundamental 
niche parameters of Late Neandertals and early modern humans (EMHs) in Europe. A 
site was included in the samples only if it produced materials that have been absolutely 
dated to one or more of the three paleoenvironmental reconstructions described in the 
previous section of this section. All dates are reported in calendric years before present 
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and have, if necessary, been calibrated using the online Cal-Pal tool (Danzeglocke et al. 
2015). The occurrence data used in this study were subdivided in several different ways: 
1) samples of sites that have produced morphologically diagnostic Neandertal remains, 
2) samples of sites with Middle Paleolithic artifacts, 3) a combined sample consisting of 
both Neandertal remains and Middle Paleolithic sites, and 4) sites with Upper Paleolithic 
artifacts. A separate sample of locations where morphologically diagnostic EMHs have 
been discovered during one or more of the paleoenvironmental reconstructions was not 
created for this dissertation because the sample sizes were too small to produce 
theoretically rigorous models in GARP. Only one site with non-diagnostic hominin 
remains with Upper Paleolithic artifacts was identified by this study (Cova Beneito) and 
was included in the sample of Upper Paleolithic sites. 
Certain sites have produced hominin remains that are typically grouped with 
Neandertals, though they are not truly morphologically diagnostic, in other words these 
specimens cannot be confidently identified as Neandertal. These remains are typically 
fragmentary or isolated in nature. However, if these hominin remains were in well-
documented association with Middle Paleolithic tools and/or were absolutely dated to 
one of the three temporal periods used in this study, they were designated as indicative 
of Neandertals. Each site of this nature was examined on a case by case basis. In this 
study, only two locations met this criteria for the time period of the Pre-H4 
reconstruction: Axlor (Garcia-Diez et al. 2013; González-Urquijo et al. 2014) and 
Oliveira (Angelucci and Zilhão 2009; Trinkaus et al. 2007; Willman et al. 2012). 
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GARP requires that all occurrences be spatially unique when calibrating models 
to within a range of 10 kilometers of each other (Pearson et al. 2007). In order to 
accommodate this, sites that are located within this narrow geographic window were 
collapsed into site complexes. For example, Neandertals are hypothesized to have 
inhabited multiple locations in Gibraltar from prior to the time periods covered by this 
analysis until the time period that post-dates this study. As these multiple sites are 
located within 10 km of each other, only one location that produced Neandertal remains 
(Devil’s Tower) was included in the samples in this study. The entire sample of sites 
with Neandertal remains used in one or more of the paleoenvironmental reconstructions 
are listed in Table 3. 
 
Site Name Longitude Latitude Country Included in: 
Banyolas 2.77 42.12 Spain Pre-H4 
Zafarraya -4.13 36.95 Spain Pre-H4, H4 
El Sidrón -5.33 43.38 Spain Pre-H4, H4, Post-H4 
Devil’s Tower -5.5 36.22 Gibraltar Pre-H4, H4, Post-H4 
Cova Foradá -0.95 38.9 Spain Pre-H4, H4, Post-H4 
Palomas -0.895 37.78 Spain Pre-H4, H4, Post-H4 
Feldhofer 6.495 51.228 Germany Pre-H4 
La Quina 0.293 45.51 France Pre-H4 
Les Rochers 0.75 46.415 France Pre-H4 
Le Moustier 1.067 45.00 France Pre-H4 
Mezmaiskaya 32.99 51.72 Russia Pre-H4 
Mezzena 10.99 45.51 Italy Pre-H4 
Axlor * -2.75 43.14 Spain Pre-H4 
Oliveira * -8.61 39.51 Portugal Pre-H4 
Lakonis 22.56 36.77 Greece H4 
St. Cesaire -0.51 45.75 France Post-H4 
Vindija 16.24 46.30 Croatia Post-H4 
Table 3. Sites with diagnostic Neandertal remains included in the project. Sites with 
an asterisk indicate non-diagnostic remains that were included in the study. 
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 Due to the extremely small number of sites that were available to this 
dissertation, if the published standard deviation surrounding the date range encompassed 
more than one temporal period, then the location was included in all time periods 
pertinent to that reported range. In addition, if a site produced diagnostic Neandertal 
remains directly dated to one temporal period (for example: the Pre-H4) and Middle 
Paleolithic tools dated to more than one period (for example: the Pre-H4 and H4), the 
location was included in multiple temporal periods since the typical interpretation for 
these types of sites is that this scenario is indicative of extended occupation by 
Neandertals. While this is perhaps not the most conservative sampling strategy available 
to the study, it falls in line with conclusions found in the majority of the published 
literature and allows this study to build slightly larger sample sizes of occurrence data 
than would be possible otherwise. This strategy for building the samples does most 
likely produce some statistical noise that can impact the results, but a more conservative 
strategy would have produced sample sizes so small as to be unusable by the GARP 
algorithm.  
The above strategy impacts the inclusion of sites such as El Sidrón, Devil’s 
Tower, Zafarraya, and Cova Foradá in multiple temporal categories. If the radiocarbon 
dates reported for the locations were not calibrated, then they were quickly calibrated 
using the online CalPal tool (Danzeglocke et al. 2015; Weninger et al. 2005) to ensure 
that all dates used were on the same scale. The numbers reported in the tables are all the 
calibrated dates. It should also be noted that in a few cases regarding the MP and UP 
samples, archaeological sites are repeated in both the MP and UP groups for the same 
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time periods. This is due to a few instances where the MP/UP transition occurs within 
the temporal boundary of the same time period, such as the sites of El Castillo, Abrigo 
de Sopeña, and Cova de l’Arbreda. Isturitz was included in this sample by virtue of its 
archaeological stratigraphy that indicates the site was inhabited from the Early 
Aurignacian forward through time by early modern humans (EMHs) (Foucher and 
Normand 2006).  
The samples of occurrence points based on archaeological sites were grouped 
into broadly Middle Paleolithic and Upper Paleolithic categories for analysis. As 
discussed previously, prior work in paleoarchaeology has focused largely on 
investigating the possible existence of smaller scale niche differentiation between 
archaeological populations belonging to either the Middle or Upper Paleolithic (Banks et 
al. 2011; Banks et al. 2008c; Banks et al. 2013a; Banks et al. 2006; Banks et al. 2013b; 
Banks et al. 2009). For example, a project might focus solely on constructing predictive 
niche maps for the Proto-Aurignacian and Aurignacian technocomplexes which are 
traditionally grouped under the heading of Upper Paleolithic complexes (Banks et al. 
2013a; Banks et al. 2013b). For this project, sites belonging to the Middle and Upper 
Paleolithic were not subdivided into smaller technocomplexes or Cohesive Adaptive 
Systems (CAS) (Banks 2015; d’Errico and Banks 2013). 
Rather than focusing on smaller scale differences between models created for 
populations of either EMHs or Neandertals, this project sought to investigate large scale 
differences between Neandertals and EMHs and grouped the archaeological occurrences 
into categories that best reflect that division. This also speaks to the nature of the method 
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used for this project. With GARP, separate datasets are required to build and then test 
the predictive models (Anderson et al. 2003; Pearson et al. 2007; Townsend Peterson et 
al. 2007). Here the models were built with the larger datasets, the archaeological 
samples, and tested with the better known, more conservative samples consisting of 
hominin remains. This allowed the project to build the most robust predictive models 
possible and then validate those models with locations that we are extremely confident 
are truly representative of Neandertals or EMHs.  
 Since this project seeks to examine large scale patterns of Neandertals late-
survival/extinction and EMH expansion, the MP and UP archaeological sites were 
grouped into broad categories, rather than many small ones. Sites were designated as 
belonging to temporal periods based on absolute dates, if they were available, or 
accepted time periods for their specific technocomplex. For example, if an 
archaeological site produced diagnostic Uluzzian tools, but no absolute dates were 
reported in the literature, it was grouped into the time category dating to ~40,000 – 
30,000 years BP, based on the agreement seen in radiocarbon dates from other Uluzzian 
sites (Riel-Salvatore 2009). 
It is very common in anthropological literature to equate Middle Paleolithic 
industries (including some transitional industries like Châtelperronian, Bohunician, and 
Uluzzian) with Neandertals (Peresani 2008; Zilhão et al. 2015) and Upper Paleolithic 
industries (Proto-Aurignacian, Aurignacian, etc.) with EMHs (Banks et al. 2013a; Banks 
et al. 2013b; Zilhão and d'Errico 1999; Zilhão et al. 2006). In order to give the niche 
modeling algorithms the best chance of building robust models, this project takes the 
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less conservative approach of equating Mousterian, Châtelperronian, Bohunician, and 
Uluzzian sites with Neandertals and Proto-Aurignacian, Aurignacian, Gravettian, 
Solutrean, Badegoulian, and Magdalenian sites with EHMs. If the results show that the 
models built with the larger, less conservative archaeological samples fail to predict the 
sites with morphologically diagnostic Neandertal remains, the author plans in future 
research to address this question directly and in more detail than is possible for this 
project.  
Even though the primary research question of this project concerns patterns of 
hominin niches on the Iberian Peninsula, the samples of both archaeological and 
hominin sites include locations from across Western and Central Europe. If the locations 
were restricted to Iberia, then the entire model building and analysis would have to be 
confined to Iberia as well. This would create a situation where the study area was so 
restricted that the model building and results would suffer. Expanding the samples past 
the borders of the peninsula increased sample sizes, and allowed the project to have a 
better chance of building stronger predictive models.  
Tables 4 – 12, beginning on the next page, list the Neandertal fossil, MP and UP 
sites dated to the Pre-H4, H4, and Post-H4. The combined Neandertal fossil and Middle 
Paleolithic samples are an exact combination of those two samples. 
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4.2.1 Sample of Neandertal Remains Dated to the Pre-H4 
 
Site Name Longitude Latitude Date Date Citation 
El Sidrón -4.13 36.95 Occupation 
from ~35 to 48 
ky cal BP 
(de la Rasilla et al. 2014; 
De Torres et al. 2010) 
Devil’s 
Tower/Gibraltar 
Complex 
-5.33 43.38 Occupation 
from ~32 to 47 
ky cal BP 
(Zilhão and Pettitt 2006) 
Zafarraya -5.5 36.22 39,683 ± 920 (Barroso et al. 2014; 
Michel et al. 2013) 
Cova Foradà -0.95 38.9 Occupation 
throughout the 
MP 
(Aparicio Pérez 2014; 
Aparicio Pérez et al. 2014) 
Banyolas 2.77 42.12 ~45,000 ± 4,000 (Julià and Bischoff 1991) 
Palomas -0.895 37.78 39,691 ± 926  (Walker et al. 2014; 
Walker et al. 2008) 
Feldhofer 6.495 51.228 40,052 ± 409 (Schmitz et al. 2002) 
La Quina 0.293 45.51 Occupation 
from ~41 to 44 
ky cal BP 
(Higham et al. 2014) 
Les Rochers 0.75 46.415 44,152 ± 817 (Beauval et al. 2006) 
Le Moustier 1.067 45.00 Occupation 
from ~41 to 45 
ky cal BP 
(Higham et al. 2014) 
Mezzena 10.99 45.51 39,724 ± 946  (Condemi et al. 2013) 
Mezmaiskaya 32.99 51.72 41,478 ± 399  (Banks et al. 2008b; 
Golovanova et al. 1999; 
Skinner et al. 2005) 
Axlor  -2.75 43.14 42,100 ± 1,280  (González-Urquijo et al. 
2014) 
Oliveira  -8.61 39.51 ~43,500  (Trinkaus et al. 2007) 
Table 4. Sites included in the Pre-H4 (43.3-40.2 ky cal BP) Neandertal sample (n = 
14).  
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4.2.2 Sample of Neandertal Remains Dated to the H4 
 
Site Name Longitude Latitude Date Date Citation 
El Sidrón -4.13 36.95 Occupation from 
~35 to 48 ky cal 
BP 
(de la Rasilla et al. 
2014; De Torres et 
al. 2010) 
Devil’s Tower -5.33 43.38 Occupation from 
~32 to 47 ky cal 
BP 
(Zilhão and Pettitt 
2006) 
Zafarraya -5.5 36.22 39,683 ± 920 (Barroso et al. 2014; 
Michel et al. 2013) 
Cova Foradá -0.95 38.9 Occupation 
throughout the MP 
(Aparicio Pérez 
2014; Aparicio 
Pérez et al. 2014) 
Palomas -0.895 37.78 39,691 ± 926  (Walker et al. 2014; 
Walker et al. 2008) 
Lakonis 22.56 36.77 ~40,000 (Harvati et al. 2003; 
Panagopoulou et al. 
2004) 
Table 5. Sites included in the H4 (40.2-38.6 ky cal BP) Neandertal sample (n = 6). 
 
4.2.3 Sample of Neandertal Remains Dated to the Post-H4 
 
Site Name Longitude Latitude Date Date Citation 
El Sidrón -4.13 36.95 Occupation from ~35 
to 48 ky cal BP 
(de la Rasilla et al. 
2014; De Torres et al. 
2010) 
Devil’s Tower -5.33 43.38 Occupation from ~32 
to 47 ky cal BP 
(Zilhão and Pettitt 
2006) 
Cova Foradá -0.95 38.9 Occupation 
throughout the MP 
(Aparicio Pérez 2014; 
Aparicio Pérez et al. 
2014) 
St. Cesaire -0.51 45.75 36,200 ± 750 (Hublin et al. 2012) 
Vindija 16.24 46.30 ~36,350 (Higham et al. 2006) 
Table 6. Sites included in the Post-H4 (38.6-36.5 ky cal BP) Neandertal sample (n = 
5). 
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4.2.4 Sample of Middle Paleolithic Sites Dated to the Pre-H4 
 
Site Name Longitude Latitude Date Dating Source 
As Lamas -7.52 42.55 39,866 ± 3,554 (Zilhao 2006) 
La Güelga -5.11 43.34 42,073 ± 339 (Menéndez et al. 2014) 
El Esquilleu -4.6 43.2 Occupied from 
~35 ka to >59 ka
(Baena et al. 2012; 
Baena Preysler and 
Carrion Santafé 2014) 
El Castillo -3.97 43.29 ~43,000 (de Quiros et al. 2014; 
Pike-Tay et al. 1999) 
Grotte des Fees 3.63 46.39 43,120 (Banks et al. 2008b) 
Grotte du Renne 3.75 47.62 42,650 (Banks et al. 2008b) 
Combe Saunière 0.16 45.14 42,490 (Banks et al. 2008b) 
Grotte XVI 1.2 44.8 42,430 (Banks et al. 2008b) 
Roc de Combe 1.35 44.75 41,950 (Banks et al. 2008b) 
La Viña -5.83 43.31 41,043 ± 676 (Santamaria et al. 2014; 
Wood et al. 2014) 
Stranska Skala 13.68 49.82 40,830 (Banks et al. 2008b) 
Labeko Koba -2.49 43.07 40,761 ± 785 (Wood et al. 2014) 
Cueva del Mirón -3.45 43.25 ~43,000 (González Morales and 
Straus 2014) 
Abrigo de 
Sopeña 
-4.97 43.34 43,052 ± 741 (Pinto Llona 2014) 
Roca dels Bous 0.85 41.87 43,127 ± 900 (Mora et al. 2008; Mora 
et al. 2014) 
Cova Gran 0.81 41.93 ~43,000 (Martínez-Moreno et al. 
2010) 
Las Fuentes de 
San Cristobal 
0.57 42.33 42,998 ± 619 (Ardèvol and Salomó 
2014) 
Balma dels 
Pinyons 
1.67 41.54 42,397 ± 446 (Vaquero et al. 2013) 
Cueva de los 
Ermitons 
-2.59 42.28 40,694 ± 1,774 (Maroto Genover 1993; 
Maroto 1985) 
Cova de 
l’Arbreda 
2.75 42.16 42,813 ±548 (Maroto et al. 2012) 
Cueva Millan -3.45 42.06 42,214 ±520 (Romanillo and Soto 
1983) 
Sesselfelsgrotte 11.79 48.94 ~41,500 (Rots 2009) 
Salzgitter 10.327 52.175 ~41,500 (Soressi 2005) 
Table 7. Middle Paleolithic archaeological sites included in this project dated to the 
Pre-H4 (43.3 – 40.2 ky cal BP) paleoenvironmental reconstruction (n = 23). 
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4.2.5 Sample of Upper Paleolithic Sites Dated to the Pre-H4 
 
Site Name Longitude Latitude Date Dating Source 
Cueva Morín -3.82 43.36 41,599 ± 522 (Banks et al. 2013a) 
Abrigo de 
Sopeña 
-4.97 43.34 40.3 ± 4.8 ky 
ESR-LU 
(Pinto Llona 2014) 
Cova Foradada -0.12 38.92 39,494 ± 1,012 (Pantoja Pérez et al. 
2011) 
El Castillo -3.97 43.29 ~41,700 (Banks et al. 2008b) 
La Güelga -5.11 43.34 39,206 ± 1,241 (Menéndez et al. 
2014) 
Isturitz -1.2 43.37 41,600  (Banks et al. 2008b) 
Grotta de 
Fumane 
10.88 45.55 41,600  (Banks et al. 2008b) 
Grotta Paina 11.52 45.43 42,370  (Banks et al. 2008b) 
Abric Romaní 1.67 41.54 41,540  (Banks et al. 2008b) 
Aurignac 25.42 42.93 ~41,000 (Banks et al. 2013a) 
Caminade 1.25 44.87 41,320 (Banks et al. 2008b) 
Divje Babe I 14.06 46 40,210  (Banks et al. 2008b) 
Geissenklösterle 9.78 48.4 41,680  (Banks et al. 2008b) 
Hohlenstein 
Stadel 
10.38 48.77 41,860  (Banks et al. 2008b) 
Temnata 24.05 43.17 41,140  (Banks et al. 2008b) 
Trou al Wesse 5.25 50.47 40,900  (Banks et al. 2008b) 
Willendorf 15.4 48.32 42,380  (Banks et al. 2008b) 
Table 8. Upper Paleolithic archaeological sites included in this project dated to the 
Pre-H4 (43.3-40.2 ky cal BP) paleoenvironmental reconstruction (n = 17). 
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4.2.6 Sample of Middle Paleolithic Sites Dated to the H4 
 
Site Name Longitude Latitude Date Dating Source 
As Lamas -7.52 42.55 39,886 ± 3,554 
OSL 
(Zilhao 2006) 
El Esquilleu -4.6 43.2 Occupied from 
~35 ka to >59 
ka 
(Baena et al. 2012; Baena 
Preysler and Carrion Santafé 
2014) 
Grotte du 
Renne 
3.75 47.62 39,580  (Banks et al. 2008b) 
Grotte XVI 1.2 44.8 39,700  (Banks et al. 2008b) 
La Viña -5.83 43.31 40,412 ± 961  (Santamaria et al. 2014; 
Wood et al. 2014) 
Labeko 
Koba 
-2.49 43.07 40,146 ± 554  (Wood et al. 2014) 
Abrigo de 
Sopeña 
-4.97 43.34 40,336 ± 975 (Pinto Llona 2014) 
Cova de 
l’Estret de 
Tragó 
0.81 41.93 43,000 ± 4,600 (Casanova et al. 2014) 
Lapa dos 
Furos 
-8.41 39.6 38,220 ±724 (Cardoso 2006) 
Abric 
Romaní 
1.67 41.54 40,675 ± 978 (Vallverdú et al. 2014) 
Cueva 
Bajondillo 
-4.5 36.62 ~40,000 (Cortés Sánchez and Simón 
Vallejo 2014; Maroto et al. 
2012)Also Maroto et al. 
2012 
Cova de 
l’Arbreda 
2.75 42.16 39,160  (Banks et al. 2008b) 
Belvis 2.08 42.85 40,110  (Banks et al. 2008b) 
Buzdujeni 27.3 48.17 39,910  (Banks et al. 2008b) 
Cabezo 
Gordo 
-0.95 37.73 39,690  (Banks et al. 2008b) 
Table 9. Sites with MP remains dated to the H4 (40.2-38.6 ky cal BP) 
paleoenvironmental reconstruction (n = 15). 
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4.2.7 Sample of Upper Paleolithic Sites Dated to the H4 
 
Site Name Longitude Latitude Date Dating Source 
Cueva Morín -3.82 43.36 40,276 
±1,089 
(Banks et al. 2008b) 
Abrigo de 
Sopeña 
-4.97 43.34 39,726 ± 891 (Pinto Llona 2014) 
Cova de 
l’Arbreda 
2.75 42.17 39,847 ±760 (Wood et al. 2014) 
Cueva Bajondillo -4.59 36.62 38,500 ± 
1,789 
(Cortés Sánchez and 
Simón Vallejo 2014) 
Cova Foradada -0.12 38.92 39,494 ± 
1,012 
(Pantoja Pérez et al. 2011) 
Cueva de la 
Güelga 
-5.11 43.34 39,206 ± 
1,241 
(Menéndez et al. 2014) 
Solutré 4.72 46.3 39,440 (Banks et al. 2008b; Banks 
et al. 2013a) 
Abri Pataud 1.01 44.93 39,450 (Banks et al. 2008b) 
Combe Saunière 
1 
0.16 45.14 38,850 (Banks et al. 2008b) 
Isturitz -1.2 43.37 39,830 (Banks et al. 2008b) 
Grotta de 
Fumane 
10.88 45.55 39,700  (Banks et al. 2008b) 
Paglicci 15.58 41.67 39,180  (Banks et al. 2008b) 
Bacho Kiro 25.42 42.93 39,530  (Banks et al. 2008b) 
Caminade 1.25 44.87 40,110  (Banks et al. 2008b) 
Castanet 1.18 45.03 39,950  (Banks et al. 2008b) 
Divje Babe I 14.06 46 40,210  (Banks et al. 2008b) 
Geissenklösterle 9.78 48.4 39,660  (Banks et al. 2008b) 
Vogelherd 10.07 47.95 38,810  (Banks et al. 2008b) 
Wildscheuer 8.17 50.4 39,697 (Terberger and Street 
2003) 
Hohlenstein 
Stadel 
10.38 48.77 39,420  (Banks et al. 2008b) 
Flageolet 0.58 44.82 38,980  (Banks et al. 2008b) 
Mochi 7.53 43.78 39,980  (Banks et al. 2008b) 
Hohle Fels 9.73 48.37 39,630  (Banks et al. 2008b) 
El Castillo -3.97 43.29 ~39,000 (de Quiros et al. 2014; 
Pike-Tay et al. 1999; Rink 
et al. 1996) 
Table 10. UP sites dated to the H4 (40.2-38.6 ky cal BP) paleoenvironmental 
reconstruction (n = 24). 
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4.2.8 Sample of Middle Paleolithic Sites Dated to the Post-H4 
 
Site Name Longitude Latitude Date Dating Source 
As Lamas -7.52 42.55 38,947 ± 3,150 
OSL 
(Zilhao 2006) 
El Esquilleu -4.6 43.2 Occupied from 
~35 ka to >59 
ka 
(Baena et al. 2012; Baena 
Preysler and Carrion Santafé 
2014) 
Lapa dos 
Furos 
-8.41 39.6 38,220 ± 724 (Cardoso 2006) 
Cueva de los 
Ermitons 
-2.59 42.28 37,700 cal BP (Banks et al. 2008b; Maroto 
Genover 1993) 
A Valina -7.34 43.05 35,519 ± 469 (Banks et al. 2008b) 
Almonda -8.61 39.51 37,100 cal BP (Banks et al. 2008b) 
Jarama -3.33 40.92 37,560 cal BP (Banks et al. 2008b) 
Labeko 
Koba 
-2.49 43.07 37,800 ± 900 (Wood et al. 2014) 
Cova de 
l’Arbreda 
2.75 42.16 37,300 ± 800 (Wood et al. 2014) 
Gorham’s 
Cave 
-5.35 36.18 37,065 ± 1,1113 (Finlayson et al. 2008) 
Table 11. MP sites dated to the Post-H4 (38.6-36.5) paleoenvironmental 
reconstruction (n = 9). 
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4.2.9 Sample of Upper Paleolithic Sites Dating to the Post-H4 
 
Site Name Longitude Latitude Date Dating Source 
Cueva Morín -3.82 43.36 38,634-38,015 (Maíllo Fernández et al. 
2014; Maroto et al. 2012) 
Labeko Koba -2.49 43.07 38,196 ± 982  (Wood et al. 2014) 
Abrigo de Sopeña -4.97 43.34 37,359 ± 857  (Pinto Llona 2014) 
Cova de l’Abreda 2.75 42.16 36,000 ± 700 (Wood et al. 2014) 
Cueva Bajondillo -4.59 36.62 37,500 ± 1,541  (Cortés Sánchez and Simón 
Vallejo 2014) 
Cova Foradada -0.12 38.92 39,494 ± 1,012  (Pantoja Pérez et al. 2011) 
El Castillo -3.97 43.29 ~37,000 (de Quiros et al. 2014; 
Pike-Tay et al. 1999) 
Solutré 4.72 46.3 39,515 ± 990 (Banks et al. 2008b) 
Abri Pataud 1.01 44.93 39,497 ± 1,044 (Banks et al. 2008b) 
Combe Saunière 1 0.16 45.14 38,977 ± 1,471  (Banks et al. 2008b) 
Roc de Combe-
Capelle 
0.82 44.77 38,368 ± 1,800 (Banks et al. 2008b) 
Isturitz -1.2 43.37 39,810 ± 891 
and younger 
(Banks et al. 2008b) 
Castelcivita 15.23 40.48 36,820  (Banks et al. 2008b) 
Grotta de Fumane 10.88 45.55 37,140  (Banks et al. 2008b) 
Le Piage 1.39 44.8 37,220  (Banks et al. 2008b) 
Bacho Kiro 25.42 42.93 36,660  (Banks et al. 2008b) 
Geissenklöstrele 9.78 48.4 37,570  (Banks et al. 2008b) 
Lommersum 6.79 50.71 37,152 ± 1,024 (Pastoors and Tafelmaier 
2012) 
Les Renardières 0.37 45.83 36,520  (Banks et al. 2008b) 
Vogelherd 10.07 47.95 37,350  (Banks et al. 2008b) 
Hohlenstein Stadel 10.38 48.77 36,700  (Banks et al. 2008b) 
Temnata 24.05 43.17 37,670  (Banks et al. 2008b) 
Trou Al Wesse 5.25 50.47 36,770  (Banks et al. 2008b) 
Flageolet 0.58 44.82 36,530  (Banks et al. 2008b) 
Mochi 7.53 43.78 36,720  (Banks et al. 2008b) 
Wildscheuer 8.17 50.4 37,070  (Banks et al. 2008b) 
Hohle Fels 9.73 48.37 37,350  (Banks et al. 2008b) 
Stanska Skala 13.68 49.82 37,420  (Banks et al. 2008b) 
Mitoc Malu 
Galben 
27.77 46.38 37,090  (Banks et al. 2008b) 
Oblazowa 20.17 49.42 36,830  (Banks et al. 2008b) 
Pena de Candamo -6.08 43.45 36,750  (Banks et al. 2008b) 
Table 12. UP sites dated to the Post-H4 (38.6-36.5 ky cal BP) paleoenvironmental 
reconstruction (n = 31). 
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5. METHODS 
 
 The following section includes a detailed discussion of the experimental 
procedures used in this dissertation to create the consensus prediction maps of the 
fundamental niche parameters for Neanderthal fossil, MP, and UP samples during the 
Pre-H4, H4, and Post-H4. It is divided into the different methods used for both small (n 
≤ 20) and large (n ≥ 21) sample sizes of occurrence data and the specific statistical tests 
that are most appropriate for each experimental design. In addition, this section 
addresses the procedures used to process the results and create the consensus prediction 
maps for each experiment, as well as analyses geared at examining the overlap between 
the results for different experiments and the geographic density of that overlap. 
 
5.1 The Genetic Algorithm for Rule-Set Prediction (GARP) 
The algorithm chosen to produce predictive niche maps for this project was the 
Genetic Algorithm for Rule-Set Prediction, more commonly known as GARP in the 
scientific literature. ENM algorithms like GARP were not originally designed to detect 
the presence of biogeographic frontiers, but it is possible to test for them with these 
methods. GARP searches for non-random correlates between location data and the 
environmental variables present at those sites. Areas of complete absence of suitable 
habitat, might be considered indicative of the presence of a biogeographic barrier. For 
example, if an ENM analysis predicted a complete absence of environmental variables 
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associated with the sample sites in the Ebro River Valley, then the hypothesis that it 
acted as a barrier to Neandertals could not be falsified.  
GARP was selected for this study over other algorithms used to make species 
distribution models (SDMs), such as Maxent, for its ease of use and proven strength 
when working with small, presence-only datasets (Anderson et al. 2003; Chen and 
Arratia 2010; Pearson et al. 2007; Peterson and Cohoon 1999; Stockwell 1999; 
Stockwell and Peterson 2002b). GARP was introduced to the peer-reviewed ecological 
literature in 1999. The genetic algorithm used by the program was created to work with 
presence-only data and filter potential error sources in the dataset (Stockwell 1999). The 
desktop GARP program is freely available for public download at 
http://www.nhm.ku.edu/desktopgarp/, along with a short procedural manual and 
Frequently Asked Questions page. This project used the Desktop GARP version 1.1.6. 
GARP is a genetic algorithm, classified as an artificial intelligence application, 
which offers a machine-learning (heuristic) path to predictive modeling that was 
originally based on research in genetic evolution. It is specifically designed to work with 
presence-only data (Stockwell 1999). The algorithm produces multiple solutions, or 
predictive models, when asked to investigate the correlations between species’ 
occurrences and environmental data. These multiple models are then statistically 
evaluated and summed into one consensus prediction. Potential sources of error can be 
introduced by omitting sites with relevant data (omission error) and including 
misclassified sites (commission error) in the sample dataset (Anderson et al. 2003). 
Algorithms like the Genetic Algorithm for Rule-Set Prediction (GARP) and Maxent 
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were created in order to deal with research using museum collections and ecological 
surveys that only documented locations of organism presence (Phillips and Dudík 2008; 
Stockwell 1999; Townsend Peterson et al. 2007). The focus on presence-only location 
data is ideally suited to paleoanthropological questions since gaining a true 
approximation of the absence of fossil species or populations is beyond the scope of the 
archaeological and fossil record. 
 
5.1.2 Presence-Only Data and GARP 
There has been debate in the academic literature concerning the validity of using 
presence-only samples with algorithms such as GARP. The discussion is germane to this 
project since it utilized presence-only data. After GARP’s debut in the late 1990s, the 
literature addressed the algorithm’s validity and accuracy when modeling animal and 
plant niches. Stockman and colleagues published a report in 2006 that showed GARP’s 
apparent failures and limitations in spite of its growing popularity in ecological, 
biological, and anthropological research. Stockman used DesktopGARP to create 
predictive models of trapdoor spiders in California, USA, by entering forty-two 
occurrence points from museum and private records into the program to build predictive 
models of species presence. Stockman’s project entered each occurrence point separately 
and created best-subset predictive models for each of those single occurrence points. The 
authors found that after 420 best-subset models were created, GARP produced 
predictions that were neither statistically significant nor accurate (Stockman et al. 2006).  
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Through discussion of Stockman’s methods, a picture was created of how GARP 
uses location data to generate predictive models and how data is used to enlighten our 
understanding of a species’ fundamental niche parameters. Single location points are not 
sufficient to generate predictions on the full breadth of any species’ fundamental niche. 
In order to examine the range of environmental variables for which a species is best 
suited, multiple locations are necessary. Ecological niches are descriptions of the 
environmental “phenotype” the species prefers (McNyset and Blackburn 2006), or the 
environment with which the sample of occurrences are associated. While GARP works 
with a high degree of accuracy for small sample sizes (Stockwell and Peterson 2002a; 
Stockwell and Peterson 2002b), it still needs multiple points on which to base its 
predictions. Up to 250 location points may be necessary to reach statistical significance 
in other predictive modeling programs available to ecologists. However, GARP reaches 
its maximum accuracy at the inclusion of a set of 100 data points, is near maximum 
power accuracy at 50 points, and within 90 percent accuracy with only 10 data points 
(Stockwell and Peterson 2002b).  The debate has clarified some of the theoretical and 
methodological assumptions in using these types of programs, as well as shedding light 
on which facts researchers need to keep in mind in order to obtain the best, most 
accurate, and significant results possible (McNyset and Blackburn 2006).  
As previously stated, GARP uses presence-only location data to build predictive 
models. The nature of this technique is ideal for paleoanthropologists and archaeologists 
seeking to conduct an ENM experiment since accurate absence-data for many paleo-
species is difficult or impossible to reconstruct. In order to generate its predictive 
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models, GARP creates a set of pseudo-absence points, or areas where there are no 
presence data points entered into the analysis, and combines it with presence points to 
develop rule-sets to define the ecological niche of the species (Banks et al. 2008c). 
While the presence-only data that GARP uses works extremely well with 
paleoanthropological samples, biases can be introduced into the analysis if the fossil or 
archaeological record is not well resolved. If the record isn’t accurate or detailed enough, 
or not enough sites have been chosen to be included in the study, then GARP will not be 
able to accurately model the potential distribution of the organisms on the landscape. In 
addition, not choosing a large enough sample or misidentifying sites, can seriously 
impact the accuracy of the results (Varela et al. 2011).  
Statistically significant results are not always indicative of accurate results. For 
example, ecological niche predictions were created for the Sasquatch crypto-species, 
with occurrence data points generated from “sightings” around the United States, which 
resulted in high statistical significance during model validation (Lozier et al. 2009). This 
result is not a failing inherent to GARP, but one directly related to the researcher. 
Erroneous conclusions that appear logical and objective may be easily reached if the 
researcher is not aware of the constraints and theoretical pitfalls of their study. 
Essentially, this can be a cautionary tale of garbage in = garbage out. GARP will analyze 
and create predictive models for whatever occurrence points are plugged into it, 
regardless of how accurate the sample. This project chose to use a more theoretically 
conservative sample of only locations that have been absolutely dated to fall within the 
time periods of the Pre-H4, H4, and Post-H4. While this reduces the total number of 
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sites available to the analysis, it takes steps to avoid the potential inclusion of incorrectly 
classified sites. 
This study takes explicit steps designed to address these theoretical limitations by 
carefully evaluating every site included in the various samples used by this dissertation 
to examine the population dynamics of Late Neandertals and early modern humans 
(EMHs) in Europe during the Late Pleistocene. As discussed in the previous section, 
sites were only included in the analysis if they were absolutely dated to one or more of 
the Pre-H4, H4, or Post-H4 paleoenvironmental reconstructions. Though this procedure 
reduces the number of sites in each sample, it does reduce the amount of noise that could 
be introduced to the analysis by the misidentification of sites or including sites that do 
not actually belong to those time periods. 
 
5.2 Approximation of the Fundamental Ecological Niche 
A niche, as defined in the field of ecology, is based on the topographic and 
climatic variables associated with the physical space an organism occupies on the 
landscape (Grinnell 1917; Hardesty 1975; Holt 2009; Hutchinson 1957). Ecological 
niche modelling (ENM) was developed to map the geographic extent of these 
environmental variables associated with the study organism. ENM has been used to 
investigate the reconstruction of possible ranges for extinct species, how climate change 
affects the distribution of modern species, and what paths invasive species may take in 
the future (Banks et al. 2008a; Banks et al. 2006; Kearney and Porter 2009; Sutton et al. 
2007). This dissertation uses methods developed in the field of ecology to investigate the 
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niche parameters of Late Neandertals and early modern humans in Late Pleistocene 
Europe. It is tightly linked to the ecological concepts of niches and niche conservatism 
and how they apply to the study of hominin paleo-populations. This section addresses 
these concepts and their importance to the experimental design of this project. 
 
5.2.1 The Ecological Concept of the Niche 
An ecological niche is generally described as the geographic space on the 
landscape which contains the environmental variables for which an organism is best 
suited. Research concerning niches and their expression has been conducted in ecology 
for a century. Joseph Grinnell, in his work with California Thrashers in the early 20th 
century (Grinnell 1917), defines a niche as the “sum of habitat requirements that allow a 
species to produce offspring” (Peterson 2011). In other words, the “Grinnellian niche” 
concept links a species to its environment where its niche is solely determined by the 
behavior of the organism and its habitat. The Grinnellian niche concept is behind much 
of the work in ecology spanning the 20th century and is still considered to be at the heart 
of ecological research today. 
Using Grinnell’s work as a base, in the 1950s Hutchinson expanded the 
definition of a niche to encompass the environmental variables for which an organism 
displays positive fitness and is best suited, and the expression of those parameters on the 
landscape (Hardesty 1975; Hardesty 1980; Holt 2009; Hutchinson 1957). Here, positive 
fitness can be considered to be the relative reproductive success of an organism or 
population. For the purposes of this project, this would constitute the suite of 
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topographic and climatic variables which would have allowed Neandertals and EMHs to 
survive and reproduce and where the pattern of those environmental variables would be 
on the landscape. 
Ecological principles generally hold that niches are distinct between different 
species in order to reduce the level of competition between them. Species with wider 
niches, or niches with a wider range of exploited variables, are those that typically deal 
better with unevenly distributed resources or environmental instability (Hardesty 1975). 
Wider niches allow organisms to utilize more resources, contributing to their “success.” 
Environmental fluctuations, such as were common in Late Pleistocene Europe, would 
have more of a deleterious impact on species that could only utilize a narrow range of 
variables and food sources. 
Ecological niche modeling methods (ENM) were developed to examine and 
quantify the geographic expression of the environmental variables associated with 
species’ presence (Anderson et al. 2002; Anderson et al. 2003; Jiménez-Valverde et al. 
2011; Kearney and Porter 2009; Nogués‐Bravo 2009; Pearson et al. 2007). Therefore, it 
is a way to investigate niche parameters and ultimately create maps of the geographic 
distribution of correlated environmental variables and make predictions regarding an 
organism’s range. These maps are commonly called species distribution maps (SDMs). 
Many of the initial algorithms developed for ENM required both presence and absence 
location data of the study organism. However, as discussed in section 5.1.2, acquiring 
accurate absence data is often extremely difficult, if not impossible, depending on the 
nature of the subject undergoing investigation (Adjemian et al. 2006; Anderson et al. 
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2003; Chen and Peterson 1999; Hirzel et al. 2002; McNyset and Blackburn 2006; 
Pearson et al. 2007; Stockman et al. 2006; Stockwell 1999; Stockwell and Peterson 
2002a; Stockwell and Peterson 2002b; Townsend Peterson et al. 2007). 
 
5.2.2 Niche Parameters and the “BAM” Framework 
Experiments using traditional ENM methods, such as this dissertation, are 
constrained by additional theoretical constructs. An organism’s realized niche is defined 
as its actual geographic distribution. However, ENM does not model the full realized 
niche of the study species. It only models the geographic range of the environmental 
variables associated with the presence points introduced to the algorithm by the 
researcher, otherwise known as the fundamental niche. The fundamental niche of a 
species defines all the geographic areas where it could potentially exist. However, the 
fundamental niche as described by ENM algorithms may not always match the actual 
distribution of the species. Other factors besides a single species’ or population’s habitat 
preferences also impact the expression of the realized niche. The borders of their range 
may be constrained by other species competing for the same resources and/or relatively 
impermeable geographic features, such as oceans, mountain ranges, and large glaciers 
(Barve et al. 2011; Martínez‐Meyer et al. 2004; Peterson 2011; Qiao et al. 2015; Soberón 
and Peterson 2005). 
Three main suites of variables interact to create the realized niche of any 
organism, including Neandertals and EMHs (Figure 12). First described by Soberón and 
Peterson (2005), the “BAM” framework describes the interaction of these three factors 
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and what algorithms like GARP actually model when used to create consensus 
predictions. The first variable is described as B, or the geographic extent of the space 
with favorable biotic variables for organism survival and reproduction, such as food 
resources. The second is A, or the geographic extent of the space with favorable abiotic 
(environmental) variables for presence, also known as the fundamental niche parameters. 
These typically include climatic and topographic variables in environmental 
reconstructions. The last factor is M, or the geographic space that is accessible to the 
organism on the landscape (i.e. the species’ movement across the landscape) (Peterson 
2011; Soberón and Peterson 2005). 
 
 
Figure 12. The BAM framework for describing factors affecting the geographic 
extent of the realized niche (adapted from Soberón & Peterson 2005:3). 
 
 
 
Algorithms commonly used to create species prediction maps, such as GARP and 
Maxent, model A from the BAM framework. In other words, these predictive models 
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only map the extent of the fundamental niche parameters associated with the locations 
(species presence points) provided to the algorithm (Soberón and Peterson 2005). These 
abiotic variables can include both topographic and climatic factors such as elevation, 
slope, precipitation, and temperature. The results of this project consist of a suite of 
maps displaying the geographic extent of these variables found in association with 
Neandertals, MP sites, and UP sites. Analysis of the overlap between these predictions 
was also conducted. 
The researcher can manually take M into account by restricting the study area to 
the geographic extent in which they know the organism has historically existed. M can 
include impermeable topographic features, such as large mountain ranges and bodies of 
water. If areas outside of the organism’s M are included in the study area, the algorithm 
will attempt to predict presence/absence in those areas. Also, if similar abiotic variables 
associated with species locations are found in areas outside the true M, then the 
algorithm has a high likelihood of predicting those areas as present. Both of these 
situations could skew the validation toward a less statistically significant result than one 
would obtain with a more accurate reflection of M. A real world reflection of M is not 
always obtainable, especially if the study organism is an extinct species or if the 
researcher is projecting the niche between time periods to the distant past. The 
researcher’s approximation of M is a hypothesis, especially when studying fossil species.  
For this study, a true approximation of M is unattainable because the paleo-
populations consisting of Neandertals and EMHs are no longer present. Thus, M must be 
reconstructed using previously published research in anthropology regarding what we 
 113 
 
know about the behavior and ecology of Neandertals and EMHs. For the purposes of this 
project, large bodied hominins would have relatively few geographic restrictions to their 
movement across the landscape. Oceans and ice sheets during glacial conditions would 
be some of the only major topographic factors limiting their movement. Both these were 
taken into account in the paleoenvironmental reconstructions. Oceans were completely 
cut from the study area by using a mask layer to restrict the algorithm to modeling only 
terrestrial areas. The extent of the ice sheets was also modeled in the Pre-H4, H4, and 
Post-H4 by the original authors and was set up as boundary in the reconstructions 
(Banks et al. 2008b). 
The suite of variables that make up the factor B are very difficult to reconstruct 
for extinct species. B includes the geographic area with the presence of other biotic 
organisms that are favorable to the study organism’s survival and reproduction (Soberón 
and Peterson 2005), such as food sources and the absence of competing organisms 
(Barve et al. 2011; Peterson 2011; Soberón and Peterson 2005). For large bodied 
hominins like Neandertals, B could cover a large range of faunal and floral species. 
Faunal remains from Neandertal and MP sites have shown reliance on large bodied 
herbivores, such as steppe bison, red deer, horse, ibex, caribou, goat, Saiga antelopes, 
and wild ass. For many years it was thought that Neandertals ate almost no plant 
resources and made no use of avian and aquatic resources across the entirety of their 
temporal and geographic range. This assumption was based on the faunal remains 
typically found at MP sites and isotopic analysis of a few Neandertal remains (Hoffecker 
2009). However, the validity of the isotopic studies has been called into question on both 
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the basis of their biological meaningfulness as well as the fact that the only Neandertals 
sampled thus far have been from non-coastal environments (Hardy 2010; Hardy and 
Moncel 2011). 
Archaeological data has also found evidence of seasonal use of MP sites in 
Europe where Neandertals were actively pursuing large bodied herbivores (Hoffecker 
and Cleghorn 2000). In addition, the study of late surviving Neandertal sites in Spain has 
indicated that Neandertals were eating avian and aquatic resources (Stringer et al. 2008). 
Analysis of Neandertal dental calculus from remains found at Shanidar and Spy include 
floral microfossils of grasses, legumes, and date palms (Henry et al. 2011). It is therefore 
apparent that the understanding of Neandertal diets across time and space is still 
evolving. The sheer number of biotic variables with which Neandertals interacted makes 
it very difficult to reconstruct a continent-wide depiction of anything but the most basic 
of pictures. Consequently, the modeling of B is currently beyond the scope of algorithms 
such as GARP. 
Ultimately, species distribution models (SDMs) such as the ones created in this 
study are hypotheses about the geographic extent of the fundamental niche for Late 
Neandertals and early modern humans (EMHs). There are theoretical limitations on how 
far we can push the ability of these algorithms to model meaningful suitable habitats or 
species’ ranges. However, ecological niche modeling (ENM) methods take specific steps 
that are designed to counteract or see past the problems introduced by using presence-
only data from the fossil and archaeological data and our inability to fully reconstruct 
species’ absence.  
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5.2.3 Niche Conservatism 
Niche conservatism is the theory that fundamental niche parameters will remain 
stable for extended time periods and will only change or evolve slowly (Peterson and 
Martínez-Meyer 2007), allowing researchers to use predictive modeling programs to 
project the ranges of a species’ niche to the future or distant past. This concept is the 
basis of how algorithms like GARP are able to predict, to a high degree of accuracy, the 
presence and absence of species on the landscape and the path an invasive species will 
take. For example, the possible path invasive species might take when introduced into a 
new geographic area can be predicted only if the invasive species’ niche does not 
dramatically change when entering a new geographic area (Peterson and Vieglais 2001). 
Some research calls into question the validity of niche conservatism with regards 
to Pleistocene species, stating instead that a species’ distribution can change and shift 
when coming into contact with other potentially competitive species (Martínez‐Meyer et 
al. 2004). It is generally thought in ecological research that high levels of niche 
conservatism for faunal species is the norm rather than the exception. Over the last 
fifteen years, efforts have been made to quantify and explicitly test assumptions 
regarding niche conservatism. These studies have found that niches tend to be 
conserved, or show little to no modification in their environmental association, on the 
span of tens to tens of thousands of years (Chen and Peterson 1999; Peterson 2011; 
Peterson and Nyari 2008). 
Quantifying niche conservatism is particularly important for studies that project 
niche parameters from one time period to another, either into the future or into the 
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distant past, in order to examine the change in geographic area over time. Assumptions 
of niche conservatism are made when modeling the distribution of past populations of 
organisms using their contemporary descendants. Previous studies have projected ranges 
with high degrees of statistical accuracy and significance (Banks et al. 2008a; Chen and 
Arratia 2010; Waltari and Guralnick 2009). 
Preferably, levels of niche conservatism can be examined or addressed when 
building a study, but it is somewhat unsafe to assume a species has a long history of 
niche conservatism when projecting between time periods. This study does not project 
between time periods. Instead, niche “snapshots” were built for the three 
paleoenvironmental reconstructions chosen using contemporaneous locations of Middle 
Paleolithic archaeological sites and Neandertal hominin remains. This reduces the 
impact that an unstable niche, one that is either contracting or expanding, could have on 
the results. 
It should be noted that true niche expansion or contraction is not necessarily 
expressed in the geographic fluctuation of the environmental variables correlated with 
species presence. Niche parameter expansion would be illustrated in a situation where an 
organism begins to utilize previously unused environmental variables. Conversely, niche 
parameter contraction could only truly occur when an organism stops using previously 
included environmental variables. For example, if an organism was previously able to 
make use of landscape at an elevation range of 250 to 500 meters, but, after a certain 
point was able to inhabit areas between 0 to 1,000 meters in elevation, the conclusion 
could be drawn that organism’s niche parameters had expanded. Thus, unless a similar 
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situation is observed in the fossil and archaeological data, it cannot be concluded that the 
EMH niche had “expanded” nor the Neandertal niche “contracted.” Tests of niche 
identity have been developed to quantify this situation and will be used in future 
analyses to examine Late Neandertals and EMHs (Peterson 2011). 
 
5.2.4 The Principle of Competitive Exclusion 
Competitive exclusion is another underlying principle of studies utilizing ENM 
methods. It states that two species cannot exist in the same ecological niche without one 
going extinct or being forced out of that niche. For example, with Neandertals and EMH, 
competitive exclusion is the basis of the assumption that these two closely related 
hominin populations could not have existed in the same niche without one going extinct. 
The competitive exclusion principle is one commonly used in ecology and biology and 
was generated from the work of Lotka and Volterra completed in the 1920s. The 
principle states that there are four possible scenarios that may occur when two 
competing species meet and attempt to occupy the same niche at the same time, if the 
resources are sufficient enough to allow either the hypothetical Species 1 or Species 2 to 
survive (Godsoe and Harmon 2012). 
As shown in Table 13, there are four basic scenarios that ecologists have outlined 
based on the competitive exclusion principle for when competing species meet on the 
landscape. The first is that Species 1 will out-compete Species 2 and Species 2 goes 
extinct or is forced out of the niche. The second is the reverse of the first scenario. The 
third scenario results in periods of equilibrium if the resources are abundant enough, but 
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one species will still eventually out-compete the other. The fourth scenario requires 
abundant natural resources for a period of equilibrium between the two species, but 
eventually the two groups will undergo a process of niche differentiation, also known as 
niche partitioning, in order to prevent contact and competition between multiple groups 
occupying the same niche. True equilibrium with no niche partitioning is rare in the 
natural world and requires abundant resources. It is typically seen when species use 
different techniques to access the resources or accesses them at different times from each 
other, as is seen in some bird species (Hardesty 1975). 
 
 Species 1 Species 2 
1 Survives Extinction 
2 Extinction Survives 
3a Equilibrium with eventual survival Equilibrium with eventual extinction 
3b Equilibrium with eventual extinction Equilibrium with eventual survival 
4a Equilibrium with eventual niche 
partitioning 
Equilibrium with eventual niche 
partitioning 
4b Long-term equilibrium with no niche 
partitioning 
Long-term equilibrium with no niche 
partitioning 
Table 13. Scenarios and outcomes involving the principle of competitive exclusion 
(adapted from Hardesty 1975). 
 
Thus, when anthropologists hypothesize that Neandertals went extinct due to 
competition with modern humans (Banks et al. 2008b; Banks et al. 2013b), they are 
drawing heavily on the assumptions that: A) Neandertals and modern humans had 
overlapping or extremely similar niches, and B) that two similar species cannot occupy 
the same niche on the landscape at the same time. Additionally, hypotheses of 
Neandertal extinction based on changing climate are rooted in the ecological principle of 
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niche conservatism and assuming their niche could not adapt to or tolerate the 
environmental fluctuations. 
 
5.3 Experimental Design with GARP 
Experiments run with ENM algorithms like GARP are initially designed with 
later statistical validation procedures in mind. These are geared toward the organization 
and retention of known test points, which are taken out of the initial sample of sites 
chosen for the experiment. It is theoretically unsound to test the predictive models 
generated by GARP with the points used to build those models (Pearson et al. 2007), so 
the points used to validate models are removed from the initial sample and reserved for 
later validation practices. Using the same presence points to generate and validate the 
consensus prediction would skew the results and produce models that were erroneously 
more highly significant. In other words, building and testing a model with the same 
points, it will automatically predict those points as present. Since the types of statistical 
tests used to validate models vary with the sample size, those samples are organized in 
different ways to reserve the number and type of test points required for the different 
tests chosen by the researcher. 
For this study, the statistical validation methods used for sample sizes of 20 or 
fewer differ from larger sample sizes of 21 or more presence points. Consensus models 
generated from small samples were later validated with Pearson’s P-Value Compute 
(Pearson et al. 2007) while consensus models from larger sample sizes were validated 
with cumulative binomial probabilities and Partial-ROC tests (Peterson et al. 2008). 
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These different statistical tests require different data from the results in order to properly 
run the validation analysis. In order to produce the proper data that these statistical test 
need, the experimental design differed between small and larger sample sizes. This 
experimental design controls the procedural steps taken even before the first experiment 
is run in Desktop GARP. Experimental design for small sample sizes are discussed in 
Section 5.3.1 while the design of larger sample sizes is covered in Section 5.3.2. 
The last type of experiment generated for this dissertation consisted of consensus 
models created using samples of Middle Paleolithic archaeological sites at which 
morphologically diagnostic hominin remains have never been discovered. The test points 
used to validate this type of experiment consisted of the sites with Neandertal fossil 
remains dating to the same paleoenvironmental reconstruction. Cumulative binomial 
probabilities and Partial-ROC tests were also chosen for the statistical validation of these 
experiments. The specifics of this experimental design are discussed in Section 5.3.3. 
 
5.3.1 Small Sample Design 
There are special techniques for formatting the location data of extremely small 
samples, classified for this dissertation as those samples of 20 or fewer presence points. 
These require specific formatting in Excel 2013 in order for correct processing with 
statistical packages such as Pearson’s P-Value Compute. This formatting is quite 
different from the formatting required for slightly larger datasets that will be statistically 
tested with cumulative binomial probabilities or partial-ROC analyses. Pearson’s P-
Value Compute requires that the sample of presence points be organized in a modified 
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jackknife n – 1 format (Pearson et al. 2007), where the sample is repeated equal to the 
total number of the sample and a different point is omitted from each repeat. Each n – 1 
repeat of the sample is run through GARP with the standard best-subsets procedures 
discussed in Section 5.4. This n – 1 technique maximizes the size of the training set of 
points used to build the predictive model and still allows for adequate testing later 
(Pearson et al. 2007). The specifics of the Pearson’s P-Value Compute validation 
process are discussed in Section 5.5.2. 
 
5.3.2 Large Sample Design 
The statistical tests used in the validation procedures for samples of 21 or more 
presence-points are cumulative binomial probabilities and Partial-ROC. Critical 
binomial values were also examined for consensus models generated with larger sample 
sizes, though this test is not a true part of the statistical validation procedures. 
Cumulative binomial probabilities and Partial-ROC tests require that the experiment be 
designed in a manner different than was described in Section 5.3.1 for small sample 
sizes. These tests require multiple test points, rather than the single points of the 
previous n – 1 structure. In order to gather multiple known test points, each large sample 
was sorted randomly and split into separate training (the points used to generate the 
predictive model in GARP) and test set (those points omitted from the GARP analysis 
and reserved for later statistical validation) (Pearson et al. 2002; Pearson et al. 2007). 
This randomization and splitting/sorting was repeated five times during the experimental 
design in order to ensure rigorous statistical validation later in the procedure. The 
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specifics of the cumulative binomial probabilities and Partial-ROC test are covered in 
Section 5.5.3. 
 
5.3.3 Samples of Middle Paleolithic Sites Tested with Neandertal Fossil Locations 
 In addition to the standard procedures for samples described in sections 5.3.1 and 
5.3.2, the researcher may also choose to generate a predictive model with one sample 
and test it with another. This is only an appropriate method under certain circumstances. 
The two samples must not have any overlapping occurrences, as it is pointless to attempt 
to test a model with the locations used to build it (Pearson et al. 2007). Doing so will 
only skew the results as those points will already be predicted as present by all 
experimental runs generated by GARP. The sample of occurrences used to test the 
models must also be appropriate to the experiment’s design. If the model is built with a 
sample of occurrences dating to the period of H4, and no projection to another time 
period is built into the experimental parameters, then the sample used to test that 
predictive model must also date to the H4 period. For example, an appropriate 
experiment under these conditions could have a model calibrated with locations of 
Middle Paleolithic archaeological sites and then be tested with the locations of 
morphologically diagnostic Neandertals. In this case, the n – 1 or random split and sort 
procedures are not needed, as the sample of archaeological sites acts as the training set 
and the sample of Neandertal fossil remains acts as the test set for these models.  
 This type of experiment allowed this dissertation to begin to address questions 
concerning the ability of predictive models created with archaeological sites to 
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accurately predict locations of Neandertal fossil remains. In other words, it investigates 
questions concerning the appropriateness of using archaeological data to stand as a 
proxy for a biological population during the Late Pleistocene in Europe. This debate on 
technocomplexes versus populations was discussed in detail in Section 3.1.1 of this 
document. 
 
5.4 Dealing with Model Variation – Standard Best Subsets Procedures 
Standard GARP best-subsets procedures were used for this project as were 
described by Anderson, Lew, and Peterson (2003). These procedures are very beneficial 
to the ultimate generation of consensus prediction maps as they enable the researcher to 
control for model variation. Standard procedures for this project required GARP to 
create 200 runs during a single experiment with a maximum of 1,000 iterations in the 
optimization parameters. GARP will generate up to 200 separate predictive models per 
experiment. As utilized here, GARP will run up to a maximum of 1,000 iterations, or 
until the algorithm reaches the point of convergence, where the addition of new rules 
available to the program (atomic, range, negated range, and logistic regression) have a 
negligible effect on the program’s intrinsic accuracy measures (Anderson et al. 2003). 
This creates the occasional situation where GARP will be asked to create 200 models, 
but will reach convergence after a smaller number. Best-subsets procedures, however, 
will always automatically choose the 10 best models out of however many the algorithm 
generates for that particular experiment. 
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As discussed in Section 5.3.1, a small sample where n is less than or equal to 20 
locations is organized in a modified jackknife n – 1 manner. Each n – 1 set of points is 
separately run through GARP and asked to generate 200 predictive models for each set 
of points. The best-subsets procedures then automatically choses the 10 best out of each 
of those 200 models for all of the n – 1 sets. The 10 best models for each set is then 
taken to other programs for statistical validation and the creation of the consensus 
prediction maps. Thus, the number of times that GARP is run in order to generate the 
consensus prediction is equal to the sample size. 
If best-subsets procedures were not employed, the amount of data that GARP 
would generate would be very difficult to process and refine into the single set of 
consensus prediction maps that are the main goal of this process. For example, if a 
sample of 17 points, organized in n – 1 fashion, was fed into GARP without using best-
subsets procedures, up to 200 models would be generated for each of those sets resulting 
in 3,400 separate predictive models that the researcher would then be required to 
process.  
Using best-subsets for the same example would only result in a maximum of 170 
models, 10 for each of the 17 n – 1 runs, for later processing and validation. The 
randomization and splitting/sorting procedures for sample design described in Section 
5.3.2, mean that larger samples (those equal to or greater than 21 presence points) are 
only run through Desktop GARP 5 times rather than a number equal to the sample size 
(as with the n – 1 design for smaller sample sizes). Here GARP generates up to 200 
models for each of the 5 runs and, with best-subsets procedures, only the 10 best of those 
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are retained, resulting in a total of 50 models for later processing, validation, and the 
creation of the consensus prediction maps. 
 
5.5 Validation of the Consensus Models 
Validation analyses of the predictive models created by ENM methods are an 
important part of the research design. It is through the completion and interpretation of 
these statistical tests that the researcher can determine whether or not the consensus 
prediction models generated by algorithms such as GARP create models that make a 
meaningful contribution to the body of knowledge. Statistical validation used in this 
dissertation seeks to determine whether or not the consensus prediction models can 
correctly classify known test points at a better than random rate. In other words, these 
tests examine whether the model correctly classifies the known omitted points in the 
group being modeled (in this case, Late Neandertals or EMHs), i.e., does it show that the 
known point was actually present at that particular present at that particular time? The 
probability values (commonly known as p-values) indicate how likely the results are to 
have occurred if the data was random. Here the testing procedures were organized 
around a standard null versus alternative hypothesis where p-values of 0.05 or less 
indicate that the null hypothesis of randomness can be rejected, or, that these results are 
not likely to have occurred at random. 
As was discussed in Section 5.3, Pearson’s P-Value Compute was used with 
small sample design and cumulative binomial probabilities and Partial-ROC were used 
with large sample design. The types of statistical tests appropriate for model validation 
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are restricted by the nature of the data itself. Since presence-only data is used here, 
indices like kappa and the standard area under the receiver operating characteristic curve 
(AUC curve) are not appropriate (Pearson et al. 2007). There is some overlap in sample 
sizes where the choice between using Pearson’s p-value and cumulative binomial 
probabilities/partial-ROC must be made (Pearson et al. 2007; Peterson et al. 2008). For 
consistency in this project, all samples under an n of 20 were tested with Pearson’s p-
value and all those with an n of 21 or greater were tested with cumulative binomial 
probabilities and partial-ROC. The following discussion of validation procedures are 
divided between small samples (n ≤ 20) and larger sample sizes (n ≥ 21). The specific 
procedural steps for the different methods of statistical evaluation of the predictive 
models in this project will be detailed in Sections 5.5.2 and 5.5.3.  
 
5.5.1 Thresholding 
The validation procedures of Pearson’s P-Value Compute and cumulative 
binomial probabilities require that test points be classified by the predictive models as 
either present or absent. The known test points are viewed as trials and a classification 
for a known test point of present constitutes a successful trial by the predictive model 
generated by GARP while a prediction of absent for a known test point constitutes an 
unsuccessful trial. To gain this information on which test points are predicted present or 
absent, a decision must be made on which pixels in the model can be classified present 
or absent. This process is commonly known as thresholding (Pearson et al. 2004; 
Pearson et al. 2007) and also describes how many of the models used to build the 
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consensus prediction model are in agreement on whether or not that test point is 
predicted as present. Thresholding procedures were carried out for predictive models 
created with both small and large sample sizes.  
Standard lowest presence threshold (LPT) practices as described by Pearson and 
colleagues (2007) were used in this study where the threshold was set at the number of 
models in agreement for a test point. As Pearson and co-authors state, “This approach 
can be interpreted ecologically as identifying pixels predicted as being at least as suitable 
as those where a species presence has been recorded…” (2007:107). In other words, for 
this study, these thresholded consensus predictions identify habitats for Late Neandertals 
and EMHs that are at least as suitable as those found in their absolutely dated, known 
locations during the Pre-H4, H4, and Post-H4. Or, that those pixels classed as present in 
the consensus predictions mark the location where habitat was identified that was as 
suitable as that found where Neandertals and EMHs were known to be in the 
archaeological and fossil record. 
The only statistical test used in this dissertation that does not rely on thresholded 
information is the Partial-ROC test and, as such, does not require decisions to be made 
by the researcher regarding what constitutes presence and absence. The Partial-ROC test 
is beneficial for validation purposes alongside thresholded tests as it examines the full 
spectrum of data generated by the best-subsets models, rather than reducing the entire 
best-subset run to one map of presence versus absence. This test is also a good 
compliment to the more traditional cumulative binomial probabilities as it weights 
omission error, where points we know are present are incorrectly classified as absent, 
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much more heavily than commission error, where areas that are actually unsuitable are 
included in the model (Peterson et al. 2008). 
 
5.5.2 Validation of Models Created with Small Sample Sizes 
Pearson and colleagues (2007) developed a statistical test and technique for small 
sample sizes used with the GARP algorithm. The statistic is based on a jackknife 
technique where GARP is used to generate models of successive sets of n – 1 
occurrences, with a different location left out each time. In the following formula, Pi is 
the ratio of area predicted present after deletion of the ith occurrence, Xi is the success-
failure measure indicating if the ith point is predicted present or absent (where predicted 
present has a value of 1 and predicted absent has a value of 0). H is the assumption of 
random assignment where Xi is a random trial with probability of success indicated again 
by Pi. In the formula, successes (times the ith occurrence is predicted present) are 
weighed more than the failures (times the ith occurrence is predicted absent) and the 
resulting p-values have been found to be accurate when examined and compared with 
other methods. The test examines whether or not the summed models predict the ith 
point at a better than random rate (Pearson et al. 2007). 
 
ܦ ൌ 	෍ 	 ௜ܺሺ1 െ	 ௜ܲሻ 
 
 The formula assumes independence of the jackknife trials, even though it should 
be noted that the trials are not strictly independent as they do share the locations of the 
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non-omitted points. The procedure ensures that presence/absence values and ratios of 
pixels in the study area predicted present divided by the total number of pixels are 
generated for each omitted (ith) location. While not independent in the strictest sense of 
the word, repeated use and testing has demonstrated that the p-values produced by this 
formula are, “…at least approximately correct, and therefore provides a useful measure 
of predictive ability” especially for samples where n < 25 (Pearson et al. 2007). 
 In other words, each test point from an n – 1 best-subsets experimental run 
results in a value of 1 (a successful trial where the test point is correctly classified as 
present) or 0 (an unsuccessful trial where the known test point is incorrectly classified as 
absent). These successful or unsuccessful trials for each omitted test point are then 
combined with the proportion of pixels predicted present to the total number of pixels in 
the study area in each omitted test point’s particular n – 1 run. This allows the formula to 
evaluate the multiple jackknifed runs with a sliding probability scale and result in a 
single p-value. 
 
5.5.3 Validation of Models Created with Large Sample Sizes 
 Two statistical validation methods were chosen for larger samples sizes in this 
project: 1) cumulative binomial probabilities and 2) Partial-ROC curves. A cut-off point 
of n ≥ 21 was established for all experiments in this dissertation project where those 
experiments with samples below that bar were treated with the above Pearson’s p-value, 
while those at or above that cut-off were treated with cumulative binomial probabilities, 
critical binomial values, and partial-ROC analysis. Larger and more complicated 
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statistical tests were not utilized here since these samples are still very small when 
compared to typical sample sizes found in current ecological research. Thus, one-tailed 
binomial probabilities and modified partial-ROC analyses are more appropriate than χ2 
or area under the receiver operating characteristic curve (also known as AUC or 
AUROC) (Anderson et al. 2003; Pearson et al. 2007; Peterson and Martínez-Meyer 
2007; Peterson and Nyari 2008). 
 As discussed in Section 5.3.2, covering the experimental design of the larger 
sample sizes in this study, these consensus prediction models were generated by 
repeating the randomization and splitting/sorting process 5 times. Cumulative binomial 
probabilities, critical binomial values, and Partial-ROCs were calculated for each of 
those repetitions. This results in 5 different values for each of those tests, rather than the 
single p-value generated by Pearson’s P-Value Compute. Each of the values is reported 
in the results section, but the consensus predictions can be described as having p-values 
less than or equal to the highest value generated by each test. 
 
5.5.3.1 Cumulative binomial probabilities & critical binomial values 
 One major benefit of using cumulative binomial probabilities is that they require 
no special programs to calculate and can be run in any version of Microsoft Excel. In the 
following formula, π equals the probability of success of one trial. S equals the number 
successful trials or the number of test points predicted present. N is equal to the total 
number of trials or total number of test points used to validate the model. P stands for 
the proportion of pixels in the study area predicted present divided by the total number 
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of pixels in the study area. And α stands for the acceptable error level, also sometimes 
called the significance level. The test will result in a decimal less than 1.0 which, if 
greater than 1.0 minus the acceptable α-level, indicates the model predicted test 
occurrences at a better than random rate. Typical α-levels in most published literature are 
set at 0.05, thus if the cumulative binomial probability results in a decimal greater than 
or equal to 0.95 the model is concluded to predict the test points at a greater than random 
rate. In order to present the result of cumulative binomial probabilities in a manner 
similar to how p-values are reported in peer reviewed literature, where the resulting 
number is significant if a result of 0.05 or less is generated (equal or less than the chosen 
α-level), the formula only changes to 1 minus the number given by the cumulative 
binomial probability formula.  
 
π = (S,N,P) 
  
In order to complete the cumulative binomial probability in Microsoft Excel, the 
formulas are reported below. The first is for the standard reporting of a significant result 
if greater than 0.95 (1.0 minus the α-level of 0.05). The second is for a result more 
similar to the standard method of reporting p-levels, with a significant result if less than 
0.05 (with the accepted α-level set at 0.05). All probability values using this test in the 
results of this dissertation are reported using the second formula. 
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=BINOM.DIST(S,N,P,TRUE) 
 
=1-BINOM.DIST(S,N,P,TRUE) 
 
 Another easily run test with Microsoft Excel employed for larger samples sizes 
in this project is the critical binomial value. It generates the number of successful trials 
needed for that predictive model to be classified as statistically significant when running 
the cumulative binomial probability. In other words, the critical binomial value is the 
value at which the model passes the tipping point and is able to classify test points at a 
better than random rate. While it is not a test used to validate the quality of the 
consensus predictions, it is an interesting complimentary form of data analysis that 
allows for the examination of how close or far the models generated are from that 
proverbial tipping point. The formula needed for use in Microsoft Excel is listed below.  
 
=CRITBINOM(N,P,A) 
 
N stands for the number of trials in the experiment, or the total sample size of the 
test points. P stands for the proportion of pixels in the study area predicted present 
divided by the total number of pixels in the study area. A equals 1 – α and stands for the 
confidence level at which the acceptable error limit is set, i.e. at what decimal point the 
researcher accepts that the test will predict test points as present in a greater than random 
rate. 
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5.5.3.2 Partial-ROC testing 
The modified partial-ROC test was created to take into account concerns that 
standard ROC-AUC (also known as AUROC) tests were not theoretically appropriate for 
the nature of smaller, presence-only datasets (Anderson et al. 2003; Pearson et al. 2007; 
Peterson et al. 2008). The main reason for this theoretical incompatibility is that with 
traditional receiver operating curves, omission error (omitting sites with relevant data) 
and commission error (including misclassified sites) are weighed the same. However, 
researchers conducting ecological niche modeling analyses care far more about omission 
error than commission error. A traditional AUROC also “systematically undervalues 
models that do not provide predictions across the entire spectrum of proportional areas in 
the study” (Peterson et al. 2008)  
The modified partial-ROC test proposed by Peterson and colleagues in 2008 
takes this into consideration. This test takes into account the full range of successful 
trials, including those where only some of the best-subset models predict the points as 
present, whereas cumulative binomial probabilities only register a success as one where 
all 10 best-subset models predict the point as present (Peterson et al. 2008). The 
modified partial-ROC test is publicly available at the website 
http://shiny.conabio.gob.mx:3838/nichetoolb2/ under the SDM performance dropdown 
menu and only requires the exported ASCII file of the summed predictive model and the 
occurrences file (presence data) in CSV format.  
The Partial-ROC parameters used here sets the proportion of omission 
(acceptable error) at 0.05, the random points percentage at 50, and the number of 
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iterations for the bootstrap at 1,000. When the output table is produced, it is easily 
downloadable to Microsoft Excel. For a significant test, there should be many numbers 
in the AUC_ratio column that are equal to or greater than 1.0. The other columns 
produced by the test are not of interest for this analysis. After the table is imported into 
Microsoft Excel the function =COUNTIF(D2:D1001,“<=1”) gathers the total number of 
iterations less than or equal to 1. Since the proportion of omission is set at 0.05, this 
means that the AUC_ratio column must have 50 or less times (as 50 is 5% of 1,000 
iterations of the bootstrap) when the number drops below 1.0 before the test became 
non-significant. For example, if the “countif” function in Excel produced a number of 
37, this indicated a p-value of 0.037 with 1,000 runs and thus a significant result where 
the null hypothesis that the results being tests resulted from random chance was rejected. 
 
5.5.4 Validation of Models Created with Middle Paleolithic Sites and Tested with 
Neandertal Fossil Locations 
 Predictive models created with Middle Paleolithic archaeological sites and 
validated with Neandertal fossil locations were also included in this study, as described 
in section 5.3.3. Since the training and test sets were created from discrete samples of 
non-overlapping locations, test sets consisted of multiple points and thus it was 
necessary to use cumulative binomial probabilities and Partial-ROC tests for statistical 
validation. However, in contrast to the validation procedures described in the previous 
section, these tests are only performed once as there was no need for the randomization 
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and splitting/sorting procedures. This results in a single value for each statistical test 
rather than multiple values.  
 
5.6 Post-Processing of Consensus Prediction Models 
One of the goals during the processing of the consensus prediction models is to 
create a single map or a small set of maps that illustrates the geographic extent of the 
areas predicted present and absent by those models. These typically take the form of 
bicolor presence/absence maps or a heat map with more than two colors. Majority, 
minimum, and maximum consensus prediction maps were generated in the results of this 
dissertation for small and large sample experiments. A single thresholded 
presence/absence map and one map of the unthresholded results for the predictive 
models created with Middle Paleolithic archaeological sites, but tested with Neandertal 
fossil locations (as described in Section 5.3.3 and 5.5.4). In addition to the consensus 
prediction maps described above, an analysis of the overlap between the combined 
Neandertal/Middle Paleolithic sample and the Upper Paleolithic experiments for the Pre-
H4, H4, and Post-H4 was conducted to determine the exact geographic overlap of areas 
predicted as present by both models.  
 
5.6.1 Creating the Consensus Prediction Maps 
 Four maps illustrating the consensus prediction models were created for the small 
and large sample size procedures in ArcGIS 10.2: majority, minimum, and maximum. 
The majority map classifies pixels as present or absent based on what they were 
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classified as the majority of the time based on all the models used to create the 
consensus prediction. In other words, pixels are predicted as present if they were 
previously predicted present at a rate of 0.5 or greater. The minimum map classifies 
pixels classified as present only if all models predict them as present. This is the most 
conservative final map of the consensus prediction that can be generated. The maximum 
map shows pixels classified as present if any of the models ever classified them as 
present. This is the least conservative map that can be generated.  
 
5.6.2 Overlap Analysis 
 An overlap analysis was conducted on the majority consensus prediction maps to 
compare the Neandertal/Middle Paleolithic and Upper Paleolithic results for the Pre-H4, 
H4, and Post-H4. The majority predictions were used instead of the maximum and 
minimum as they offer a compromise between the most and least conservative 
predictions generated by the previous experiments. The overlap maps generated for this 
dissertation illustrate the exact geographic area where each of the models illustrating 
Late Neandertal and EMH suitable habitat are predicted as present. In other words, this 
exploratory analysis identifies areas where the suitable habitat for these two groups 
overlapped and offers insight into exactly where it is very likely these two groups came 
into contact with one another. 
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6. RESULTS 
 
 This section will address the results of the following experiments that produced 
consensus predictive models of fundamental niche parameters for the Pre-H4 (43.3 – 
40.2 ky cal BP), H4 (40.2 – 38.6 ky cal BP), and Post-H4 (38.6 – 36.5 ky cal BP) 
paleoenvironmental reconstructions (Banks et al. 2008b). Ecological niche modeling 
(ENM) analyses using GARP were performed for 5 different sample designs for the Pre-
H4, H4, and Post-H4: 1) samples of Middle Paleolithic (MP) archaeological sites at 
which diagnostic hominin remains have never been discovered, referred to here as 
“Middle Paleolithic exclusive,” 2) samples of Middle Paleolithic archaeological sites at 
which diagnostic hominin remains have never been discovered that were tasked with 
predicting locations of Neandertal remains dating to the same paleoenvironmental 
reconstruction, referred to as “technocomplex to fossil,” 3) samples made up exclusively 
of the locations of Neandertal fossils, referred to here as “Neandertal exclusive,” 4) 
combined samples of the locations of Neandertal fossils and Middle Paleolithic 
archaeological sites that have never produced diagnostic hominin remains, referred to as 
“Neandertal/Middle Paleolithic combined,” and 5) samples of Upper Paleolithic 
archaeological sites, referred to as “Upper Paleolithic exclusive.” Each of the preceding 
5 types of experiments was repeated for each of the paleoenvironmental reconstructions, 
using the presence-points described in Section 4.2. 
 Consensus predictive models take the habitat found at the sites of the samples 
used and predict the location of similar habitat that is at least as suitable as the original. 
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The results of each of 4 of the 5 types of experiments described in the preceding 
paragraph (all but the technocomplex to fossil tests) include 3 types of maps created 
from the consensus prediction models: 1) the majority consensus prediction map, 2) the 
minimum consensus prediction map, and 3) the maximum consensus prediction map. As 
discussed in Section 5.6, the majority consensus prediction maps are those where pixels 
are classified as present if a majority of the best-subsets models (50% or more) used to 
create the consensus predictive model label that pixel as present. The minimum 
consensus prediction maps only display pixels as predicted present if all of the best-
subsets models used to create the consensus prediction model classified that pixel as 
present. The minimum maps are therefore the most conservative view of the consensus 
prediction models. The maximum consensus prediction maps classify pixels as present if 
any of the best-subsets models designate the pixel as present. The maximum maps are 
thus considered to be the least conservative result included in this dissertation. 
 The results of the technocomplex to fossil experiments include a total of 2 maps. 
The first is the thresholded prediction map where the Least Presence Threshold (LPT) 
was used to create a presence/absence prediction map. The second is an unthresholded 
consensus prediction map which displays the full breadth of the variation in predictions 
generated by the single best-subsets run. The unthresholded map is displayed as a heat 
map with 10 discrete colors from blue to red, where each pixel’s color corresponds to the 
number of models that predicted that pixel as present. There are two main benefits for 
calibrating and testing models in this manner: 1) because these models are tested with a 
completely different and unique sample than was used to generate them, this consensus 
 139 
 
prediction model can be calibrated with the entirety MP Pre-H4 sample of 23 locations 
rather than a subset as is standard protocol with the other experimental designs included 
in this study and 2) since a subdivision of the sample into calibration and validation 
subsets is not required, the sample only needs to be run through GARP once with 
standard best-subsets procedures. This makes the processing procedures much simpler 
than is seen in any other standard testing procedure. 
In addition to the results of the above experiments, this section also reports the 
results of the geographic overlap analysis for the Pre-H4, H4, and Post-H4 
reconstructions. These analyses directly compare the majority consensus prediction 
maps for a select number of the total experiments conducted for this dissertation. For the 
Pre-H4 paleoenvironmental reconstruction, the following overlaps are reported: 1) 
Neandertal exclusive with Middle Paleolithic exclusive, 2) Neandertal exclusive with 
Upper Paleolithic exclusive, and 3) Neandertal/Middle Paleolithic combined with Upper 
Paleolithic exclusive. For the H4 and Post-H4 only the overlap analyses for the 
Neandertal/Middle Paleolithic combined with the Upper Paleolithic exclusive are 
reported, due to the extremely small samples sizes of the Neandertal exclusive samples 
during those time periods. The technocomplex to fossil experiments, where models 
generated with Middle Paleolithic sites are asked to predict the locations of Neandertal 
fossil sites, were not included in the overlap analyses because these models are not 
directly comparable to the other types of experiments which are created and validated 
with the same sample. 
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6.1 Pre-H4 (43.3 – 40.2 ky cal BP) Consensus Prediction Models 
 The results of the consensus prediction models dated to the Pre-H4, from 43.3 – 
40.2 ky cal BP (Banks et al. 2008b) are described in Section 6.1: Middle Paleolithic 
exclusive, technocomplex to fossil, Neandertal exclusive, Neandertal/Middle Paleolithic 
combined, and Upper Paleolithic exclusive. 
 
6.1.1 Middle Paleolithic Exclusive Consensus Prediction Model 
 For the Pre-H4 reconstruction, the following predictive maps were produced by a 
sample of Middle Paleolithic archaeological sites that have never produced diagnostic 
Neandertal remains (n = 23) (refer to Figures 13 – 15) and were generated with the 
randomization and splitting/sorting method described in Section 5.3.2, which resulted in 
5 replicate runs. For this consensus prediction model, all p-values were ≤ 5.4x10-4 (Table 
14) and all Partial-ROC scores were ≤ 6.1x10-4 (Table 15). These values indicate that 
this model predicts known test points at a better than random rate and the null hypothesis 
that these results occurred due to random chance can be rejected.  
The majority consensus prediction map for this model (Figure 13) displays a 
presence/absence map where pixels classified as present more than 50% of the time are 
shown in red while pixels classified as absent more than 50% of the time are displayed 
in blue. The majority map takes a midline approach to displaying the extent of suitable 
habitat in comparison to the very conservative minimum map and less conservative 
maximum map. The majority map shows large areas of predicted presence of suitable 
habitat in the northern Iberian Peninsula, France, parts of central Germany, the Czech 
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Republic, and Austria. Solid, more continuous predictions of presence occur more 
frequently in Western and Central Europe. The Ebro River Valley shows areas of 
predicted presence, though they are most concentrated in the western portion of the 
valley near the headwaters of the Ebro River. There are also smaller, discontinuous areas 
of predicted presence in Northern Italy, the Balkan Peninsula, and areas of Romania, 
Moldova, the Ukraine, and southern Great Britain. Notable areas of absence include the 
southern extent of the Iberian Peninsula in coastal regions and areas of lower elevation, 
the Alps, and the Great Hungarian Plain. The presence/absence pixel ratio, where the 
number of pixels predicted present is divided by the total number of pixels 
(12,399/58,251), is equal to 21% percent of the area in the map (Table 16). Pixels 
classified as present are bound between 54 to 37.2 degrees latitude.  
The minimum consensus prediction map for the Middle Paleolithic exclusive 
model during the Pre-H4 is also displayed in presence/absence format (Figure 14). Here 
pixels are only classified as present if all 5 of the random replicates predict them as 
present. This is the most conservative and most geographically restricted prediction out 
of all maps generated for the MP Pre-H4 sample. There are only 2,143 pixels were 
predicted present, or 4% of the total study area (Table 16). The minimum prediction 
shows a much smaller and more geographically constricted area of predicted presence. 
Here pixels indicating presence of similar habitat found at the sample locations are 
bound by latitudes of 48.5 and 40.25 degrees. Areas predicted present in this map are 
concentrated in the northern Iberian Peninsula (including the western and central 
portions of the Ebro River Valley) and central to southern France. Some scattered areas 
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through the Dinaric Alps are also identified by the minimum consensus prediction map 
as areas where similar suitable habitat is present. 
The maximum thresholded prediction is the least conservative examination of the 
consensus prediction for the Middle Paleolithic exclusive sample dating to the Pre-H4 
(Figure 15). If a pixel was ever predicted as present by any of the 5 replicate runs, it was 
included here as present. 32,315 pixels were predicted as present, or 55% of the total 
study area (Table 16). The maps shows predicted presence across the majority of 
western and central Europe between 55.5 and 36.75 degrees latitude, excluding the Alps 
and portions of southwestern Iberia, similar to the majority map. Many of the geographic 
areas shown on the majority map are also shown here, but with a higher density of pixels 
predicted present. The maximum extent of suitable habitat reaches up into the 
northernmost reaches of Germany, Poland, and Belarus, and south to Sardinia, Greece 
(including the Peloponnese), and southern Turkey.  
Please refer to Tables 15 – 16 for results of statistical validation and pixel counts. 
 
Evaluation 
replicates 
p-values Critical Binomial 
Values 
Success rates 
Evaluation set 1 2.904x10-8 5 0.91 
Evaluation set 2 5.43267x10-4 5 0.64 
Evaluation set 3 4.73956x10-6 4 0.73 
Evaluation set 4 2.80338x10-4 2 0.36 
Evaluation set 5 4.05113x10-5 5 0.73 
Table 14. Results of the statistical validation procedures using cumulative binomial 
probability and critical binomial value tests for the Middle Paleolithic exclusive 
consensus prediction model during the Pre-H4. 
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 1 2 3 4 5 
Minimum 1.633851 1.156616 1.165775 1.001567 1.312651 
Maximum 1.793224 1.775392 1.829461 1.939112 1.781043 
Mean 1.764047 1.547454 1.674278 1.569335 1.622655 
SD 0.037126 0.133318 0.122802 0.176135 0.103502 
Replicates 
≤ 1 
0 0 0 0 0 
Z-statistic 650.7884 129.8550 174.0581 102.2166 190.2382 
P 2.085x10-94 2.010x10-5 1.854x10-8 6.138x10-4 8.957x10-10 
Table 15. Partial-ROC scores for the Pre-H4 Middle Paleolithic exclusive model. 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 12,399 45,852 0.21 
Minimum 2,143 56,108 0.04 
Maximum 32,315 25,936 0.55 
Table 16. Pixel ratios for the Pre-H4 Middle Paleolithic exclusive majority, 
minimum, and maximum consensus prediction maps. 
 
 
 The majority, minimum, and maximum consensus prediction maps for the Pre-
H4 Middle Paleolithic exclusive model begin on the next page (Figures 13 – 15).
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Figure 13. Majority consensus prediction map for the Pre-H4 Middle Paleolithic exclusive.   
Legend
!( Pre-H4 Middle Paleolithic sites
Absence
Presence
 145 
 
 
 
Figure 14. Minimum consensus prediction map for the Pre-H4 Middle Paleolithic exclusive model. 
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Figure 15. Maximum consensus prediction map for Pre-H4 Middle Paleolithic exclusive model. 
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6.1.2 Technocomplex to Fossil Consensus Prediction Model for Middle Paleolithic 
Archaeological Sites and Neandertal Fossil Locations 
 For the Pre-H4 paleoenvironmental reconstruction, the following consensus 
prediction model maps (Figures 16 and 17) were produced by a sample of Middle 
Paleolithic archaeological sites at which no diagnostic Neandertal remains have been 
found (n = 23), but tested for that model’s ability to correctly classify the locations of 
Neandertal fossils dating to the same period (n = 14). The p-value of the thresholded 
prediction was calculated using a cumulative binomial probability and returned a 
significant value of p = 0.04 and a critical binomial value of 7.  
Both the thresholded and un-thresholded predictions for this model show the 
majority of the areas predicted as present falling between 54 to 37.2 degrees latitude (as 
was seen in the previous Middle Paleolithic exclusive results during the Pre-H4). The 
predictions show large areas with suitable habitat presence in northern and central Iberia, 
much of present-day France, the head of the Po River Valley, the central Apennine 
Peninsula, the Dinaric Alps, the Balkan Peninsula, the Carpathians, the area north of the 
Alps (portions of Belgium, south and central Germany, Austria, the Czech Republic, and 
Poland), as well as some isolated pixels in southern Great Britain and the Republic of 
Ireland. Interestingly, this model does not show the presence of correlated environmental 
variables in southern Iberia and the Great Hungarian Plain. 
The success rate of the model in correctly classifying the known Neandertal 
locations in the validation sample was 50%, or 7 out of 14 test points. The thresholded 
results produced a consensus model that predicted known test points at a better than 
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random rate and the null hypothesis of these results occurring due to random chance can 
be rejected. 17,805 pixels were predicted present by all 10 best-subsets models, or 31% 
of the total study area. 19,999 pixels, or 34% of the study area, were classified as absent 
by all 10 models chosen by the best-subsets procedures. 
In contrast to the thresholded results, the results of the Partial-ROC test on the 
unthresholded consensus prediction resulted in a p-value of 0.24, where 202 of the 1,000 
bootstrap replicates returned a value of ≤ 1. This indicates that the null hypothesis cannot 
be rejected. In other words, this unthresholded consensus prediction which takes into 
account the full range of predictions from each of the 10 models in the best-subsets run 
could not be demonstrated to predict the test points at a better than random rate. The 
consensus prediction model created by this experiment to address the ability of Middle 
Paleolithic archaeological sites to predict locations of Neandertal remains was only able 
to do so when standard Least Presence Threshold practices (LPT) were used to designate 
which pixels were classified as present and which were classified as absent.  
In other words, when the full range of results generated by the best-subsets for 
predicting the presence of suitable habitat was included, the results shown in Figure 17 
could be due to random chance. This is the only technocomplex to fossil consensus 
model generated for this dissertation that produced results where the thresholded version 
of the model predicted test points at a better than random rate while the unthresholded 
version did not. Considering the difference found between the cumulative binomial 
probabilities and the Partial-ROC test, during the Pre-H4, a model that was calibrated 
with Middle Paleolithic archaeological sites cannot predict the locations of 
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morphologically diagnostic Neandertal fossil remains with complete confidence. This 
indicates that there is some level of disconnect between the habitats found between this 
sample of archaeological sites that have never produced hominin remains and the 
habitats found associated with the fossil remains of their probable creators. 
 
P 0.04 
Critical Binomial Value 7 
Test points correctly 
classified as present 
7 
Success rate 0.50 
Table 17. Validation results for the thresholded Pre-H4 technocomplex to fossil 
model. 
 
 
 
Minimum 0.57 
Maximum 1.69 
Mean 1.18 
SD 0.24 
Replicates ≤ 1 197 
Z-statistic 24.05 
P 0.24 
Table 18. Partial-Roc validation for the Pre-H4 technocomplex to fossil model. 
 
 The thresholded and unthresholded prediction maps (Figures 16 and 17) for the 
Pre-H4 technocomplex to fossil consensus prediction model begin on the following 
page. Please refer to Tables 17 and 18 for the results of the statistical validation tests.
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Figure 16. Thresholded consensus prediction map for the technocomplex to fossil model generated with Middle 
Paleolithic archaeological sites (n = 23) and validated Neandertal fossil locations (n = 14) for the Pre-H4. 
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Figure 17. Unthresholded consensus prediction map for the technocomplex to fossil model generated with Middle 
Paleolithic archaeological sites (n = 23) and validated Neandertal fossil locations (n = 14) for the Pre-H4.
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6.1.3 Neandertal Exclusive Consensus Prediction Model 
 Majority, maximum, and minimum consensus prediction maps were generated 
for the Neandertal exclusive sample dating to the period of 43.3 – 40.2 ky cal BP (n = 
14), during the Pre-H4 paleoenvironmental reconstruction (see Figures 18 – 20). The 
model was calibrated and tested using the n – 1 procedure described in Section 5.3.1. For 
this model, p = 0.02 (via the Pearson’s P-Value Compute program) and a success rate of 
57%, with 8 out of 14 test points classified correctly (Table 19). This indicates that the 
model is able to predict known test points at a better than random rate and the null 
hypothesis that these results are due random chance can be rejected. 
The majority map (Figure 18), where at least 50% of the n – 1 replicate models 
(7 or more models) are in agreement, classified 17,248 (30% of the study area) as 
present (Table 20) and shows the pixels bound between 52 and 36 degrees latitude. The 
areas of highest concentration of pixels predicted present are located in modern Ukraine, 
portions of the Balkan Peninsula, the Apennine Peninsula, Sardinia, western France, 
southern England, the Great Hungarian Plain, the Dnieper Uplands, and the Iberian 
Peninsula including the Ebro River Valley. This model, which includes Neandertal 
locations south of the Ebro River that have been dated to this time period, is the first in 
this project that predicts pixels as present in the southern extremes of the Iberian 
Peninsula. The area immediately north of the Alps is largely predicted as absent and the 
southern Carpathian Mountains and Dinaric Alps show fewer areas predicted as present 
than seen in the predictions generated from the previous models discussed for the Pre-
H4. 
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The minimum prediction for this model (Figure 19) is the most theoretically 
conservative map and classified only 6,233 (11% of the study area) as present (Table 
20). The pixels for the minimum prediction are more latitudinally constrained in a 
southward direction when compared to the majority map. All pixels predicted present on 
this map fall south of 49 degrees latitude. The minimum prediction displays 19% less of 
the total study area as present than the majority prediction. The concentration of pixels 
predicted present are also less continuous and “patchier” in nature in comparison. 
Despite the extremely restricted areas of predicted presence, the Ebro River Valley does 
show areas of probable presence, along with the Po River Valley, the Great Hungarian 
Plain, the Dnieper Uplands, and Turkey. 
The maximum consensus prediction map (Figure 20), where pixels are displayed 
in red if they were ever classified as present by any of the 13 replicates used to build the 
model, showed 26,130 as present (49% of the total study area) (Table 20). This is 19% 
more than the majority prediction and 38% more than the minimum prediction. High 
concentrations of probable presence are seen in modern France, the Iberian Peninsula, 
the Apennine Peninsula, the Balkan Peninsula, and the Anatolian Peninsula. The 
maximum consensus prediction map also includes a much greater area of suitable habitat 
agreed upon by one or more replicates in coastal areas that are currently under water. 
These areas include the paleo-shorelines surrounding the majority of the Iberian 
Peninsula, France, the Adriatic shelf, the Black Sea shelf, and areas under the English 
Channel. The maximum map also identifies scattered pixels in northern Germany as 
present. 
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P 0.02 
Success ratio 0.57 
Table 19. Pearson’s p-value results for the Pre-H4 Neandertal exclusive model. 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 17,248 41,003 0.30 
Minimum 6,233 52,018 0.11 
Maximum 26,130 32,121 0.49 
Table 20. Pixel ratios for the Pre-H4 Neandertal exclusive predictions. 
 
 The majority, minimum, and maximum consensus prediction maps for the Pre-
H4 Neandertal exclusive consensus model (Figures 18 – 20) begin on the following 
page.
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Figure 18. Majority consensus prediction map for the Pre-H4 Neandertal exclusive model. 
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Figure 19. Minimum consensus prediction map for the Pre-H4 Neandertal exclusive model. 
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Figure 20. Maximum consensus prediction map for the Pre-H4 Neandertal exclusive model. 
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6.1.4 Neandertal Fossil and Middle Paleolithic Archaeological Combined Sample 
 For the combined sample of Neandertal fossil and Middle Paleolithic 
archaeological sites during the Pre-H4 (n = 37) majority, minimum, and maximum 
consensus prediction maps were generated for the consensus model using the 
randomization and splitting/sorting method. All p-values calculated with cumulative 
binomial probabilities were ≤ 6.5x10-4 and Partial-ROC scores were ≤ 0.008 (Table 21 
and 22). These values indicate that this model predicts known test points at a better than 
random rate and that this consensus model is not the result of random chance.  
 The area predicted as present on the majority consensus prediction map (Figure 
21) is bounded by latitudes of 36.8 and 52.8 degrees north. Iberia, including the Ebro 
River Valley and Meseta Central, shows a large area of suitable habitat, except for the 
southwestern corner of the peninsula. Other significant areas of predicted presence 
include the majority of France, Sardinia, the Apennine Peninsula, Sicily, the Great 
Hungarian Plain, the Balkan Peninsula, Dinaric Alps, the Anatolian Peninsula, and areas 
north of the Alps. Interestingly, the Carpathian Mountains are also shown to have large 
areas of habitat similar to the sample. The areas predicted present cover 35% of the 
study area (20,575 pixels) (Table 23). 
 The more conservative minimum consensus prediction map (Figure 22) classifies 
14% of the pixels in the study area as present (8,076 pixels) (Table 23). When all 
thresholded best-subset runs used to create the consensus prediction are in agreement, 
21% less of the study area is predicted to have highly suitable habitat for this sample 
during the Pre-H4. Areas marked present here include the Ebro River Valley, scattered 
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pixels across northwestern Iberia and the southern portions of the Meseta Central, central 
France, the Po River Valley, the central Apennine Peninsula, the Great Hungarian Plain, 
the Balkan Peninsula, the Dnieper Uplands and other lowland areas surrounding the 
Carpathian Mountains, plus scattered areas in northern Anatolia, Austria, the Czech 
Republic, Germany, and Belgium. The outline of the Carpathian Mountains becomes 
slightly more apparent in the minimum consensus prediction map. 
 In the maximum prediction map (Figure 23), the least conservative of the three 
reported here, 49% of the study area (28,403 pixels) is classified as present (Table 23). 
The prediction is similar to the majority map, with a few notable differences. The total 
area classified as present is much more continuous than was seen in the majority or 
minimum maps and the latitudinal bounds of the area is increased to 53.8 and 36 
degrees. A few scattered pixels through the southern Republic of Ireland, southern 
Wales, and southern and central England, and northern Germany increase the northern 
boundary of the prediction. This is the only map for this sample during the Pre-H4 to 
predict the southern extremes of Iberia as present. The major mountain chains of Europe, 
except for the Alps, cease to be distinct areas of absence.  
The only lowland areas left out of the maximum consensus prediction map are 
those that are under water today, including the Adriatic shelf, the English Channel, and 
the shallow areas of the northern Black Sea. It is likely that these areas would have been 
predicted present even with the minimum maps if sufficient data indicated Neandertal 
presence in those areas. However, that data may never be available considering it is now 
under water. 
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Evaluation 
replicates 
Cumulative binomial 
probabilities 
Critical binomial 
values 
Success ratios 
Evaluation set 1 1.2x10-5 10 0.79 
Evaluation set 2 6.5x10-4 8 0.58 
Evaluation set 3 1x10-5 11 0.84 
Evaluation set 4 1.8x10-7 9 0.84 
Evaluation set 5 1x104 10 0.74 
Table 21. Results of the statistical validation procedures using cumulative binomial 
probabilities and critical binomial values for the Neandertal/Middle Paleolithic 
combined consensus prediction model during the Pre-H4. 
 
 
 
 1 2 3 4 5 
Minimum 1.26 0.73 1.32 1.29 1.08 
Maximum 1.65 1.74 1.73 1.69 1.70 
Mean 1.53 1.37 1.59 1.59 1.49 
SD 0.08 0.16 0.09 0.08 0.11 
Replicates ≤ 1 0 11 0 0 0 
Z-statistic 216.00 75.86 219.25 246.69 134.91 
P 4.23x10-12 0.008 2.06x10-12 3.07x10-15 9.93x10-6
Table 22. Results of the Partial-ROC tests for the combined Neandertal/Middle 
Paleolithic sample during the Pre-H4. 
 
 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 20,575 37,676 0.35 
Minimum 8,076 50,175 0.14 
Maximum 28,403 29,848 0.49 
Table 23. Pixel ratios for the combined Neandertal/Middle Paleolithic sample 
consensus model during the Pre-H4. 
 
 
 
 The majority, minimum, and maximum consensus prediction maps for the Pre-
H4 Neandertal/Middle Paleolithic combined begin on the next page. 
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Figure 21. Majority consensus prediction map for the combined sample of Neandertal fossil locations (n = 14) and 
Middle Paleolithic archaeological sites that have not produced morphologically diagnostic hominin remains (n = 23) for 
the Pre-H4. 
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Figure 22. Minimum consensus prediction map for the combined sample of Neandertal fossil locations (n = 14) and 
Middle Paleolithic archaeological sites that have not produced morphologically diagnostic hominin remains (n = 23) for 
the Pre-H4. 
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Figure 23. Maximum consensus prediction map for the combined sample of Neandertal fossil locations (n = 14) and 
Middle Paleolithic archaeological sites that have not produced morphologically diagnostic hominin remains (n = 23) for 
the Pre-H4.
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6.1.5 Upper Paleolithic Exclusive Consensus Prediction Model 
 The following predictive model for the Pre-H4 paleoenvironmental 
reconstruction was calibrated with a sample of locations of absolutely dated Upper 
Paleolithic archaeological sites (n = 17) and validated with the n – 1 procedure detailed 
in section 5.3.1. Pearson’s P-value Compute (Pearson et al. 2007) was used to calculate a 
consensus p-value of p = 6.3x105 and a success rate = 0.71 for the model (Table 24). 
This p-value is applicable to all of the predictive maps created from this model. The 
success rate demonstrates that the model predicted the omitted test point in 12 out of the 
17 trials. This indicates that the model is able to predict known test points at a better than 
random rate and the null hypothesis that these results are due to random chance can be 
rejected. 
The majority map (Figure 24) shows the pixels predicted present, indicating the 
presence of suitable habitat similar to those found at the sites used to generate the model, 
are restricted between 51.5 and 37.2 degrees latitude and cover 25% of the total study 
area (14,432 pixels) (Table 25).  The largest concentrations of pixels predicted present 
are seen in modern France, northern and central Iberia (including the Ebro River Valley), 
the highland areas just north of the Alps in southern Germany, the Po River Valley, 
scattered portions of the Apennine Peninsula, Sardinia, the Great Hungarian Plain, 
portions of the Balkan and Anatolian Peninsula, and the lowland areas immediately to 
the south and east of the Carpathian Mountains. The Ebro River Valley is clearly shown 
as a large area of probable presence, with the majority of the valley shown in a 
continuous area of presence. The only area of the Iberian Peninsula predicted as absent is 
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the southernmost extreme of the peninsula, south of the Meseta Central. Interestingly, in 
contrast to all the previous samples meant to model Neandertals, the Upper Paleolithic 
exclusive model for the Pre-H4 includes portions of the area now under the English 
Channel and western coast of France. 
 When the minimum prediction (Figure 25) is examined for the Pre-H4 Upper 
Paleolithic exclusive consensus model, only 9% of the total study area was predicted as 
present (5,122 pixels) (Table 25). The pixels predicted present by all 17 n – 1 replicates 
are more latitudinally restricted than seen in the majority map. Here, they are constrained 
between 50.8 and 39.4 degrees latitude. The highest concentrations of areas predicted 
present in this highly conservative prediction include large areas of modern France, 
lowland areas immediately to the east of the Alps (the westernmost Great Hungarian 
Plain), portions of the Po River Valley, the lowland areas to the south of the Carpathians, 
the majority of the Ebro River Valley and scattered areas in northwestern and central 
Iberia. 
 The least conservative prediction for this model, the maximum consensus 
prediction map (Figure 26), classifies 44% of the study area as present (25,680 pixels) 
(Table 25). The pixels are less latitudinally constrained and appear between 52.3 and 
36.2 degrees. Most of the study area between these latitudes is predicted as present, with 
only the Alps and the southernmost extreme of the Iberian Peninsula predicted as absent. 
The extent of the Alps is sharply defined and the Carpathian Mountains and Dinaric 
Alps become less visible. Scattered areas in southwestern Ireland, England, Sardinia, 
Sicily, the Balkan Peninsula, and the Anatolian Peninsula are also predicted as present. It 
 166 
 
is in this maximum prediction map that more areas on the Adriatic Shelf and the shallow 
areas of the Black Sea are also shown as areas of suitable habitat. 
 
P 0.000063 
Success rate 0.71 
Table 24. Pearson’s p-value for the Pre-H4 Upper Paleolithic exclusive model. 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 14,432 43,819 0.25 
Minimum 5,122 53,129 0.09 
Maximum 25,680 32,751 0.44 
Table 25. Pixel ratios for the Pre-H4 Upper Paleolithic exclusive predictions. 
  
The majority, minimum, and maximum consensus prediction maps for the Upper 
Paleolithic exclusive sample during the Pre-H4 begin on the following page.
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Figure 24. Majority consensus prediction map for the Pre-H4 Upper Paleolithic exclusive model. 
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Figure 25. Minimum consensus prediction map for the Pre-H4 Upper Paleolithic excluxive model. 
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Figure 26. Maximum consensus prediction map for the Pre-H4 Upper Paleolithic exclusive model. 
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6.2 H4 (40.2 – 38.6 ky cal BP) Predictive Models 
Five sets of consensus predictive models were generated for the H4 
paleoenvironmental reconstruction, dated to 40.2 – 38.6 ky cal BP (Banks et al. 2008b) 
are described in Section 6.3: the Middle Paleolithic exclusive, technocomplex to fossil, 
Neandertal exclusive, Neandertal/Middle Paleolithic combined, and Upper Paleolithic 
exclusive. The time period of the H4 was characterized by large-scale climatic 
fluctuations and an overall much colder climate than the preceding Pre-H4 (Banks et al. 
2008b; Daura et al. 2013; Huijzer and Isarin 1997). 
 
6.2.1 Middle Paleolithic Exclusive Consensus Prediction Model 
 For the H4 paleoenvironmental reconstruction, the Middle Paleolithic exclusive 
sample consisted of 15 locations. The p-value for the consensus model was calculated 
with Pearson’s P-value Compute (Pearson et al. 2007). Here p = 0.001 and the success 
rate was 62.5% for the consensus model (Table 26) upon which the majority, minimum, 
and maximum consensus prediction maps (Figures 27 – 29) are based. The probability 
value indicates that this model predicts known test points at a better than random rate 
and it is highly unlikely that these results are due to random chance. Thus, the null 
hypothesis of randomness was rejected. 
In the majority prediction map (Figure 27), the pixels classified as present fall 
between latitudes of 49 and 36 degrees. Areas predicted present, and thus indicate the 
presence of suitable habitat, include the majority of the Iberian Peninsula, central and 
southern France, the Apennine Peninsula, the Balkan Peninsula, Anatolia, and the 
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islands of Ibiza, Palma, Menorca, Corsica, Sardinia, and Sicily. A few scattered areas 
north of the Alps in Belgium, Luxemburg, Germany, Austria, and the Czech Republic 
were classified as present as well. Large portions of the Dinaric Alps, Balkan Mountains, 
and Carpathian Mountains were also predicted as showing suitable habitat. The 
prediction closely follows the present-day shoreline despite the lower sea-levels of the 
time. Twenty-nine percent of the total study area (16,938 pixels) is predicted as present 
(Table 27), a decrease of 8% from the Middle Paleolithic exclusive model during the 
Pre-H4. 
The minimum consensus prediction map (Figure 28) classifies only 4,837 pixels 
as present (0.08 total study area) (Table 27). The pixels are slightly more constricted 
latitudinally when compared to the majority consensus prediction map and fall between 
48.5 and 36.75 degrees. In the most conservative interpretation of this model, the areas 
of suitable habitat are found on the Iberian Peninsula, the Balearic Islands of Mallorca 
and Menorca, central and southern France, Sardinia, the Apennine Peninsula including 
the Po River Valley, and scattered across the Great Hungarian Plain, the Balkan 
Peninsula, the Dnieper Uplands, and a small portion of northern and central Anatolia. 
The Iberian Peninsula shows the most concentration of areas predicted present in the 
minimum model and nearly the entirety of the Ebro River Valley is highlighted in red, 
along with portions of the Meseta Central. The areas of Iberia not predicted as showing 
suitable habitat are the southern extremes of the Peninsula and portions of the Meseta 
Central. 
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The maximum consensus prediction map (Figure 29) designates 25,978 pixels as 
present (45% of the total study area) (Table 27). The least conservative map of the 
model shows the least amount of latitudinal constriction, with suitable habitat falling 
between 51.5 and 36 degrees. The area predicted present is the most continuous of the 
three maps reported here, with only the Alps and southern tip of Iberia showing as an 
area of absence. 
 
P 0.001 
Success rate 0.625 
Table 26. Validation for H4 Middle Paleolithic exclusive model with Pearson's P-
value Compute. 
 
 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 16,938 41,313 0.29 
Minimum 4,837 53,414 0.08 
Maximum 25,978 32,273 0.45 
Table 27. Pixel ratios for the H4 Middle Paleolithic exclusive prediction maps. 
 
The majority, minimum, and maximum consensus prediction maps for the 
Middle Paleolithic exclusive sample during the H4 being on the following page.
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Figure 27. Majority consensus prediction map for H4 Middle Paleolithic exclusive model. 
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Figure 28. Minimum consensus prediction map for H4 Middle Paleolithic exclusive model. 
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Figure 29. Maximum consensus prediction map for H4 Middle Paleolithic exclusive model.  
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6.2.2 Technocomplex to Fossil Consensus Prediction Model 
 This consensus prediction model was calibrated with a sample of 15 Middle 
Paleolithic archaeological sites at which no diagnostic hominin remains have been found 
dating to the H4. It was tested on its ability to correctly classify a sample of 6 Neandertal 
fossil locations dating to the same period. After thresholding, the model had a success 
rate of 83%, where 5 out of 6 test points were correctly classified as present. The test 
point that was not correctly identified by the model was the Gibraltar site complex. 
Pearson’s P-value Compute (Pearson et al. 2007) was used to generate the consensus p-
value for the thresholded model, here p = 0.003185 (Table 28). This value indicates that 
the model created with H4 Middle Paleolithic sites was able to predict known locations 
with Neandertal remains at a better than random rate and the null hypothesis can be 
rejected.  
Even though the sea level of this paleoenvironmental reconstruction is 90 m 
lower than present day, the thresholded prediction (Figure 30) largely follows modern 
shorelines except for a few scattered areas on the Adriatic and Black Sea shelves. The 
majority of the Iberian Peninsula shows the presence of suitable habitat based on the 
Middle Paleolithic archaeological sites from the H4. No pixels north of 52 degrees 
latitude are predicted as present. It should be noted that this thresholded prediction is 
very similar in scope to the maximum prediction for the Middle Paleolithic exclusive 
model for the H4. Suitable habitat was also identified in most of present-day France, 
Ibiza, Mallorca, Menorca, Sardinia, Corsica, Sicily, the Apennine Peninsula, central and 
southern Germany, the Great Hungarian Plain, the Balkan Peninsula, the majority of the 
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area surrounding the Carpathian Mountains, and Anatolia. A few scattered pixels of 
suitable habitat were also identified in southern England. The Alps and Pyrenees 
Mountains appear as areas where suitable habitat is not present, but the Dinaric Alps, 
Balkan Mountains, and Carpathian Mountains show greater inclusion of predicted 
presence within their borders. 
The Partial-ROC score was calculated for the un-thresholded prediction (Figure 
31). The probability (P) that the mean is ≤ 1.0 is very slight and is significantly elevated 
above random expectations. The resulting probability value equals 8.4x10-8 (Table 29). 
Thirty-four percent of the total study area (19,883 pixels) was never predicted as present 
by any of the 10 best subsets models. All ten best subsets were in agreement on 16,375 
pixels as present (28% of the total study area). 
 
P 0.003 
Critical Binomial Value 4 
Test points correctly 
classified as present 
5 
Success rate 0.83 
Table 28. Cumulative binomial probability results for the thresholded H4 
technocomplex to fossil model. 
 
 
 
Minimum 1.35 
Maximum 1.72 
Mean 1.62 
SD 0.12 
Replicates ≤ 1 0 
Z-statistic 165.44 
P 8.40x10-8 
Table 29. Partial-Roc validation results for the H4 technocomplex to fossil model. 
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Figure 30. Thresholded consensus prediction map for the technocomplex to fossil model, generated with Middle 
Paleolithic archaeological sites (n = 15) and validated Neandertal fossil locations (n = 6) for the H4. 
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Figure 31. Unthresholded consensus prediction map for the technocomplex to fossil model, generated with Middle 
Paleolithic archaeological sites (n = 15) and validated Neandertal fossil locations (n = 6) for the H4. 
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6.2.3 Neandertal Exclusive Model 
 The number of sites with Neandertal remains dated to the H4 (n = 6) drops 
drastically from the previous Pre-H4 period (n = 13). Even though a sample size of 6 is 
smaller than is typically used in ecological research, this project sought to run an 
experiment with the limited number of H4 Neandertal fossil locations to determine if a 
statistically accurate model could be generated from the available data. The p-value was 
0.02 and success rate was 33% (2 out of 6 test points correctly classified) (Table 30).  
While the p-value is significant, the success rate of this model in correctly 
classifying omitted test points is less than is usually considered good. Experiments with 
GARP at such extremely small sample sizes have also been shown to be less than ideal 
(Pearson et al. 2007) and when compared to the results for the Pre-H4 Neandertal 
exclusive model, the following results are limited in their geographic prediction. 
The areas predicted as present are more geographically restricted than seen in 
any of the previous models created for this project. The presence prediction is restricted 
to the southern-most portions of Europe. On the majority consensus prediction map 
(Figure 32), the highest concentration is located in the southern Iberian Peninsula, 
beneath the Sistema Iberico Mountains and Meseta Central uplands. There are a few 
pixels predicted present by some of the replicates in the Ebro River Valley, but the 
majority are concentrated in the southwestern lowlands and along the eastern coast of the 
peninsula. The areas predicted present also tend to appear patchy and discontinuous. 
Only 4% of the study area was classified as present in the majority consensus prediction 
map (2,403 pixels) (Table 31). 
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The minimum consensus prediction map (Figure 33) classifies only 376, less 
than 1% of the study area, of pixels as present (Table 31). This is an enormous 
restriction when compared to all previous models generated by this study. The small 
areas where all the thresholded best-subset runs were in agreement are found only along 
the eastern coast of Spain, scattered in southwestern Iberia, Ibiza, Mallorca, Corsica, 
Sardinia, Sicily, central and southern Italy, the Balkan Peninsula, and western Turkey. It 
is possible that this extreme geographic restriction of associated environmental variables 
could be due, in part, to the small sample size used to calibrate the model. 
The area classified as present by the maximum consensus prediction map (Figure 
34) rises to 19% of the total study area (10,787 pixels), an area 18.4% greater than was 
seen with the minimum consensus prediction map and 15% greater than the majority 
consensus prediction map (Table 31). This least conservative model, where a pixel was 
designated present if any of the thresholded best-subset runs classified it as such, is the 
first that classified large areas of the Adriatic and Black Sea shelves as present. In 
addition, there was an area predicted as present along the coast of present-day Scotland 
and England and under the North Sea which was not seen in any previous models. The 
main areas predicted present on this map area more latitudinally constrained in the 
western portion of the map than they are on the east, if the isolated area predicted present 
in the North Sea is not included in the main body of suitable habitat identified by the 
maximum map. The overall nature of the prediction is quite discontinuous with isolated 
pixels predicted present appearing in many portions of the study area. The main 
concentrations of continuous predictions are concentrated in the southwestern corner of 
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Iberia, along the eastern coast of the Iberian Peninsula, the eastern coast of the Apennine 
Peninsula, the Adriatic shelf, and the Black Sea shelf. 
 
P 0.02 
Success rate 0.33 
Table 30. Validation for the H4 Neandertal exclusive model. 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 2,403 55,848 0.04 
Minimum 376 57,875 0.006 
Maximum 10,787 47,464 0.19 
Table 31. Pixel ratios for the H4 Neandertal exclusive predictions. 
   
The majority, minimum, and maximum consensus prediction maps for the H4 
Neandertal consensus model begin on the following page (Figures 32 – 34).
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Figure 32. Majority consensus prediction map for the H4 Neandertal internal model. 
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Figure 33. Minimum consensus prediction map for the H4 Neandertal internal model. 
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Figure 34. Maximum consensus prediction map for the H4 Neandertal internal model. 
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6.2.4 Neandertal Fossil and Middle Paleolithic Archaeological Combined Sample 
The sample size for the Neandertal/Middle Paleolithic combined H4 experiment 
jumps to 21 presence points when compared to the Neandertal exclusive sample from the 
same period. This increase gives ecological niche modeling (ENM) algorithms such as 
GARP a much better chance of creating good predictive models. With the randomization 
and splitting/sorting experimental design described in Section 5.3.2, all p-values 
generated with cumulative binomial probabilities were ≤ 0.02 (Table 32) and all Partial-
ROC scores were ≤ 0.02 (Table 33) as well. All 5 replicate runs met or exceeded the 
critical binomial values required for those runs to meet statistical significance.  
The above values indicate that this model predicts known test points at a better 
than random rate and the null hypothesis that these results are due to random chance is 
rejected. While the p-values for the Neandertal/Middle Paleolithic combined and 
Neandertal exclusive experiments during the H4 are identical, the Neandertal/Middle 
Paleolithic combined results fare extremely well with the higher power statistical tests 
used here and each of the replicate runs predicted a greater total number of known test 
points than the H4 Neandertal exclusive. 
The areas indicating suitable habitat (those predicted present) on the majority 
consensus prediction map (Figure 35) are largely confined to southern Europe, below 
49.7 degrees North latitude and south of the Carpathian Mountains. No areas north of the 
Alps are predicted present. Geographic areas where the majority of thresholded best-
subsets replicates predict similar suitable habitat include the majority of the Apennine 
Peninsula, the Great Hungarian Plain, the Balkan Peninsula, the western portion of the 
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Anatolian Peninsula, the Dnieper Uplands, the lowlands directly south of the Carpathian 
Mountains, southern France, and the majority of the Iberian Peninsula. On the Iberian 
Peninsula, the Ebro River Valley and the southern extent of the peninsula show 
extensive areas of suitable habitat. The islands of Ibiza, Menorca, Mallorca, Sardinia, 
Corsica, and Sicily are largely included in the prediction. Twenty percent of the study 
area is classified as present (11,671 pixels) (Table 34). 
In contrast, the much more conservative minimum consensus prediction map 
(Figure 36) for this model only classifies 6% of the total study area as present for 
suitable habitat (3,249 pixels) (Table 34). The geographic areas predicted present are 
further restricted from the majority map to fall south of 46.3 degrees latitude. Suitable 
habitat is present in the southern Iberian Peninsula, the Ebro River Valley, along the 
eastern coast of Spain, the southern coast of France, the Apennine Peninsula, scattered 
along the Danube River Valley south of the Carpathian Mountains, the southern portions 
of the Balkan Peninsula, the western Anatolian Peninsula, and the major Mediterranean 
islands (except Crete).  
The maximum consensus prediction map (Figure 37) for the H4 
Neandertal/Middle Paleolithic combined sample reaches only slightly farther north than 
was seen in the majority map, with the northernmost pixels predicted present at 50.3 
degrees. Even though this is the least conservative map illustrating this predictive model, 
Neandertal suitable habitat is restricted much farther south than was seen during the Pre-
H4. The only new areas predicted present on this map include central France. No area 
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north of the Alps was predicted as present. The maximum area of suitable habitat is 32% 
of the study area, or 18,787 pixels classified as present (Table 34).  
 
Evaluation 
replicates 
Cumulative 
binomial values 
Critical binomial 
values 
Success ratios 
Evaluation set 1 0.01 5 0.50 
Evaluation set 2 0.007 4 0.50 
Evaluation set 3 0.001 4 0.60 
Evaluation set 4 0.01 5 0.50 
Evaluation set 5 0.02 3 0.30 
Table 32. Results of the statistical validation procedures using cumulative binomial 
probabilities and critical binomial values for the Neandertal/Middle Paleolithic 
combined sample during the H4. 
 
 
 1 2 3 4 5 
Minimum 1.32 0.84 1.42 1.32 0.89 
Maximum 1.77 1.80 1.78 1.76 1.89 
Mean 1.59 1.43 1.62 1.54 1.50 
SD 0.09 0.20 0.09 0.09 0.19 
Replicates ≤ 1 0 30 0 0 9 
Z-statistic 205.54 67.26 214.79 172.56 81.40 
P 4.02x10-11 0.02 5.5x10-12 1.69x10-8 0.005 
Table 33. Results of the Partial-ROC analysis for the Neandertal/Middle Paleolithic 
combined consensus model during the H4. 
 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 11,671 46,580 0.20 
Minimum 3,249 55,002 0.06 
Maximum 18,787 39,464 0.32 
Table 34. Pixel counts and ratios from the majority, minimum, and maximum 
consensus prediction maps for the Neandertal/Middle Paleolithic combined model 
for the H4. 
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Figure 35. Majority consensus prediction map for the combined sample of Neandertal fossil locations (n = 14) and 
Middle Paleolithic archaeological sites that have not produced diagnostic hominin remains (n = 23) for the H4. 
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Figure 36. Minimum consensus prediction map for the combined sample of Neandertal fossil locations (n = 14) and 
Middle Paleolithic archaeological sites that have not produced diagnostic hominin remains (n = 23) for the H4. 
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Figure 37. Maximum consensus prediction map for the combined sample of Neandertal fossil locations (n = 14) and 
Middle Paleolithic archaeological sites that have not produced diagnostic hominin remains (n = 23) for the H4.
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6.2.5 Upper Paleolithic Exclusive Consensus Prediction Model 
 The following consensus prediction model for the H4 paleoenvironmental 
reconstruction was generated with a sample of Upper Paleolithic archaeological sites 
absolutely dated (n = 24).  Based on cumulative binomial values, all p-values were ≤ 
0.03 (Table 35). All Partial-ROC scores calculated for each of the 5 random replicate 
runs were ≤ 0.01 (Table 36). Thus, it can be concluded that all results were significantly 
elevated over random expectations and the null hypothesis of obtaining these results via 
randomness can be rejected. 
 The majority consensus prediction map (Figure 38) classifies 24% of the study 
area as present (14,270 pixels) (Table 37). Areas of suitable habitat where at least 3 of 
the 5 replicate runs agree on a presence prediction include the majority of France, areas 
north of the Alps, extensive areas on the Great Hungarian Plain, the Dnieper Uplands, 
the Balkan Peninsula, the Apennine Peninsula, the Anatolian Peninsula, and the Iberian 
Peninsula. The areas on the majority prediction map for the Upper Paleolithic exclusive 
sample are not as latitudinally constricted as the majority maps for the previous models 
created for the H4 to model Neandertal presence. On the Iberian Peninsula specifically, 
the Ebro River Valley is a concentrated geographic area of predicted suitable habitat. 
Pixels falling well south of the hypothesized Ebro Frontier are also shown to have 
suitable habitat for the makers of the Upper Paleolithic, the early modern humans 
(EMHs). 
 The minimum consensus prediction map (Figure 39), where all 5 thresholded 
replicate runs agree on the geographic location of suitable habitat, predicts 10% of the 
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study area as present (5,888 pixels) (Table 37). While this total area predicted present for 
this minimum map and the minimum map for the Neandertal/Middle Paleolithic 
combined model for the H4 only varies by 4%, the geographic distribution of those areas 
is vastly different. The Upper Paleolithic exclusive minimum prediction map shows 
areas of high habitat suitability much farther north than is shown for Neandertals, falling 
between 49.6 and 37.8 degrees. These areas include large portions of France, the head of 
the Po River Valley, the western portion of the Great Hungarian Plain, the lowlands 
surrounding the Southern Carpathian Mountains, the northwest corner of the Iberian 
Peninsula, the Ebro River Valley, and scattered pixels throughout central Iberia.  
The maximum consensus prediction map (Figure 40) is the least conservative 
illustration of the model described here for the Upper Paleolithic exclusive sample 
during the H4, and that is reflected in the latitudinal extent of the areas predicted by one 
or more of the 5 replicate runs as present. All pixels classified as present fall between 53 
and 35.1 degrees N. A total of 23,000 pixels were predicted present, or 39% of the total 
study area (Table 37). The areas predicted present here appear much more contiguous 
than was seen in the majority and minimum consensus prediction maps, except for the 
areas north of the predicted presence seen on the majority map. Much larger areas of 
central and southern Iberia are included on this map as present, along with some 
scattered pixels in southern Ireland and along the southern coast of England.  Larger 
areas of the Adriatic and Black Sea shelves are predicted present and Crete is also 
designated as such. The Alps are a distinct area of absence on this map. The Pyrenees, 
Dinaric Alps, Carpathian Mountains, and the Balkan Mountains include larger scattered 
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areas predicted present on the maximum consensus prediction map. Only a few scattered 
pixels are predicted as present in the English Channel. 
 
Evaluation 
replicates 
P-value Critical Binomial 
Value 
Success rate 
Evaluation set 1 1.49559x10-4 5 0.66 
Evaluation set 2 0.005003189 6 0.58 
Evaluation set 3 0.030348687 6 0.5 
Evaluation set 4 7.6281x10-5 5 0.66 
Evaluation set 5 0.007286397 5 0.5 
Table 35. Validation for thresholded predictions, H4 Upper Paleolithic exclusive 
model. 
 
 
 1 2 3 4 5 
Minimum 0.730281 1.259833 1.029180 1.188147 0.818944 
Maximum 1.777367 1.727129 1.712872 1.794718 1.777299 
Mean 1.453098 1.540004 1.385194 1.595147 1.455133 
SD 0.20634 0.094434 0.140341 0.117574 0.173467 
Replicates 
≤ 1 
28 0 0 0 8 
Z-statistic 69.43993 180.83 86.79515 160.0714 82.9701 
P 0.01405 5.38x10-9 0.003028 2.08x10-7 0.004348 
Table 36. Partial-ROC scores for the H4 Upper Paleolithic exclusive models. 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 14,270 43,981 0.24 
Minimum 5,888 52,363 0.10 
Maximum 23,000 35,251 0.39 
Table 37. Pixel ratios for the H4 Upper Paleolithic exclusive predictions. 
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Figure 38. Majority consensus prediction map for the H4 Upper Paleolithic exclusive model. 
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Figure 39. Minimum consensus prediction map for the H4 Upper Paleolithic exclusive model. 
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Figure 40. Maximum consensus prediction map for the H4 Upper Paleolithic exclusive model.
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6.3 Post-H4 (38.6 – 36.5 ky cal BP) Predictive Models 
Five sets of predictive models were generated for the Post-H4 
paleoenvironmental reconstruction, dated to 38.6 – 36.5 ky cal BP (Banks et al. 2008b). 
These include the Middle Paleolithic exclusive, the technocomplex to fossil, the 
Neandertal exclusive, the Neandertal/Middle Paleolithic combined, and the Upper 
Paleolithic exclusive, as also seen in Sections 6.1 and 6.2 for the Pre-H4 and H4. The 
climate of the Post-H4, largely contemporaneous to Greenland Interstadial 8 (GI8) 
(Banks et al. 2008b), while still colder than present-day conditions, was not as cold as 
was seen during the H4 (Van Andel and Tzedakis 1996). 
 
6.3.1 Middle Paleolithic Exclusive Consensus Prediction Model 
 The Middle Paleolithic archaeological sample of sites that have never produced 
diagnostic Neandertal remains dating to the Post-H4 consists of 10 absolutely dated 
sites. The p-value for this model, generated from Pearson’s P-Value Compute (Pearson 
et al. 2007) equals 0.008 with a success rate of 50% (Table 38). This highly significant 
p-value indicates that the model was able to classify the known test points at a better 
than random rate and it is highly unlikely that the results of this model are due to random 
chance. 
The majority prediction (Figure 41), with areas of habitat suitability classified as 
present if 50% or more of the n – 1 thresholded best-subsets runs of GARP predict a 
pixel as present, shows a map where areas of probable presence are confined to below 
47.5 degrees latitude. The area of presence is confined to the southern extremes of 
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Europe, mainly following the Mediterranean coastline and covering the majority of the 
Iberian Peninsula, the Apennine Peninsula, Greece, and the western edge of the 
Anatolian Peninsula. The islands of Ibiza, Menorca, Mallorca, Corsica, Sardinia, Sicily, 
and Crete also identify large areas of suitable habitat. The lowland areas of southern and 
western France are also predicted as having suitable habitat for the Middle Paleolithic 
exclusive sample during this paleoenvironmental reconstruction. In addition, areas 
following the paleo-shoreline of the Adriatic and Black Seas have large areas of suitable 
habitat. Seventeen percent of the study area, or 9,835 pixels, are designated present 
(Table 39). 
The minimum prediction (Figure 42) is more geographically constricted to 
between 46 and 36.5 degrees latitude and only 6% of the study area predicted as 
showing the presence of suitable habitat (3,289 pixels) (Table 39). Even in the minimum 
consensus prediction map, the Ebro River Valley is well defined and large areas of the 
central and southeastern Iberian Peninsula are predicted present. Other areas where all 
replicates used to create the consensus model predict suitable habitat as present include 
large swaths of northern and central Iberia, southern France, Corsica, Sardinia, the 
Apennine Peninsula, the southern portion of the Balkan Peninsula, the western edges of 
the Anatolian Peninsula, and the Kocaeli and Thracian Peninsulas separating the Black 
Sea from the Sea of Marmara.   
The maximum prediction (Figure 43) closely resembles the majority map, but 
has more continuous areas of where one or more of the thresholded best-subsets runs 
predicted the presence of suitable habitat. Twenty-two percent of the study area is 
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classified as such (13,013 pixels) (Table 39). This is the first model for which Middle 
Paleolithic presence is predicted along much of the areas presently under the sea-level. 
Areas classified as present on this map include the areas seen on both the preceding 
minimum and majority maps, as well as areas reaching into northern and central France 
around the western edges of the Massif Central, lowland areas running along the 
southern edge of the Balkan Mountains, and the southern portion of the Great Hungarian 
Plain. 
 
 
P 0.008 
Success ratio 0.5 
Table 38. Pearson’s p-value for the Post-H4 Middle Paleolithic exclusive model. 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 9,835 48,416 0.17 
Minimum 3,289 54,962 0.06 
Maximum 13,013 45,238 0.22 
Table 39. Pixel counts for majority, minimum, and maximum Post-H4 Middle 
Paleolithic exclusive model. 
 
 
 
The majority, minimum, and maximum consensus prediction maps (Figure 41 – 
43) for the Post-H4 Middle Paleolithic exclusive consensus model begin on the 
following page.
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Figure 41. Majority consensus prediction map for the Post-H4 Middle Paleolithic exclusive model. 
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Figure 42. Minimum consensus prediction map for the Post-H4 Middle Paleolithic exclusive model. 
Legend
!( Post-H4 Middle Paleolithic sites
Absence
Presence
 203 
 
 
 
Figure 43. Maximum consensus prediction map for the Post-H4 Middle Paleolithic exclusive model.
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6.3.2 Technocomplex to Fossil Consensus Prediction Model 
 For the Post-H4 reconstruction, the following model was calibrated with Middle 
Paleolithic sites dating to the Post-H4 (n = 10), but asked to correctly classify known 
locations of contemporaneous Neandertal remains (n = 5). After thresholding, the model 
had a success rate of 80%, where 4 out of 5 test points were correctly classified as 
present. The test point that was not correctly identified by the model was the Gibraltar 
site complex. A standard cumulative binomial probability was used to generate the 
consensus p-value for the thresholded model, here p = 0.0001 (Table 40). This value 
indicates that the model created with Post-H4 Middle Paleolithic sites was able to predict 
known locations with Neandertal remains at a better than random rate and the null 
hypothesis that these results happened at random is rejected. The only site the model was 
not able to correctly classify as present was the site of Vindija Cave, located in modern 
northern Croatia. Twelve percent of the study area was identified where there was 
suitable habitat, or 7,213 pixels. 
 The map of the thresholded results for this model (Figure 44) is extremely similar 
to the majority consensus prediction map seen for the Middle Paleolithic exclusive 
sample during the same period. The presence of suitable habitat is predicted across most 
of the Iberian Peninsula, southernmost France, the Mediterranean coastline, the 
Apennine Peninsula, the southern reaches of the Balkan Peninsula, the western and 
southern portions of the Anatolian Peninsula, the paleo-shoreline of the Black Sea, the 
majority of the Adriatic Shelf, and the major islands in the Mediterranean (including 
Crete). 
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The Partial-ROC scores were calculated for the unthresholded prediction (Table 
41). The probability (P) that the mean is ≤ 1.0 is exceedingly small and is significantly 
elevated above random expectations. The map of the unthresholded results of this model 
illustrates the full range of geographic areas predicted as having suitable habitat by one 
or more of the 10 individual models gathered by the best-subsets run. Many models are 
also in agreement that there is suitable habitat through central France, excepting the 
Massif Central. The un-thresholded prediction map (Figure 45) shows the majority of the 
best subsets models used to create the consensus maps are predicting probable presence 
of suitable habitat in the southernmost portions of Europe. High concentrations of model 
agreement appear in the Iberian Peninsula, southern France, the Apennine Peninsula, the 
southern Balkan Peninsula, and the westernmost edges of the Anatolian Peninsula. 
 
P 0.0001 
Critical Binomial Value 2 
Test points correctly 
classified as present 
4 
Success ratio 0.8 
Table 40. Validation for Post-H4 technocomplex to fossil model. 
 
Minimum 1.64 
Maximum 1.88 
Mean 1.78 
SD 0.10 
Replicates ≤ 1 0 
Z-statistic 234.60 
P 5.92 x 10-14
Table 41. Partial-ROC results for the Post-H4 technocomplex to fossil model. 
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Figure 44. Thresholded consensus prediction map for the technocomplex to fossil model, generated with Middle 
Paleolithic archaeological sites (n = 10) and validated Neandertal fossil locations (n = 5) for the Post-H4. 
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Figure 45. Unthresholded consensus prediction map for the technocomplex to fossil model, generated with Middle 
Paleolithic archaeological sites (n = 10) and validated Neandertal fossil locations (n = 5) for the Post-H4. 
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6.3.3 Neandertal Exclusive Consensus Prediction Model 
 Neandertal remains absolutely dated to the Post-H4 (n = 5) make up the smallest 
sample in this project. As with the previous H4 Neandertal sample, even though this 
sample size is smaller than is typically used in ecological research, this project sought to 
determine if a statistically accurate model could be generated from the available data. A 
standard n – 1 procedure was used, which resulted in 5 total n – 1 replicates run through 
GARP and 50 best subsets models (10 per replicate) for processing. Pearson’s P-value 
Compute (Pearson et al. 2007) generated the consensus p-value of 0.35 and success rate 
of 20% (1 out of 5 test points correctly classified) (Table 42). The only site the model 
was able to correctly predict was El Sidrón. The other four sites in the sample were 
incorrectly classified as absent (Devil’s Tower, Cova Forradá, St. Cesaire, and Vindija).  
 Since GARP is an iterative process, meaning each time the algorithm is run a 
different answer can potentially be reached, the experiment was run a second time to 
examine if a model that could predict known test points at a better than random rate 
could be achieved with this data. The second run resulted in a model that produced a 
Pearson’s p-value score of 0.06 and a success rate of 0.4, or correctly classifying 2 out of 
5 test points (Table 44). Despite doubling the success rate, the second consensus model 
cannot be shown to predict known test points at a better than random rate and so the null 
hypothesis could not be rejected. Therefore, the conclusion must be drawn that this 
model’s predictions may be due to random chance. Despite the failed experiment, the 
result were included in this dissertation. The failed results are likely largely due to the 
extremely small size of this sample. While GARP has been demonstrated to reach 90% 
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of its power at 9 presence points (Stockwell and Peterson 2002b), samples that fall 
below that point may not be large enough to create truly rigorous models (Pearson et al. 
2007). Pixel counts for the majority, minimum, and maximum consensus prediction 
maps of the first failed run (Figures 46 – 48) are included in Table 43 and for the second 
failed run (Figures 49 – 51) in Table 45. 
 
P 0.346626 
Success ratio 0.2 
Table 42. Validation for the Post-H4 Neandertal exclusive model, run 1, showing 
non-significant results. 
 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 5,977 52,274 0.10 
Minimum 647 57,604 0.01 
Maximum 13,538 44,713 0.23 
Table 43. Pixel counts and ratios for the majority, minimum, and maximum 
predictions of the Post-H4 Neandertal exclusive model, non-significant run 1. 
  
 
 
P 0.06 
Success ratio 0.4 
Table 44. Statistical validation for 2nd non-significant run of the Post-H4 
Neandertal exclusive model. 
 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 4,237 54,014 0.07 
Minimum 458 57,793 0.008 
Maximum 10,302 47,949 0.18 
Table 45. Pixel counts for the 2nd non-significant run of the Post-H4 Neandertal 
exclusive model.
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Figure 46. Majority consensus prediction map for the Post-H4 Neandertal exclusive model, run 1 (non-significant). 
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Figure 47. Minimum consensus prediction map for the Post-H4 Neandertal exclusive model, run 1 (non-significant). 
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Figure 48. Maximum consensus prediction map for the Post-H4 Neandertal exclusive model, run 1 (non-significant). 
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Figure 49. Majority consensus prediction map for Post-H4 Neandertal exclusive model, run 2 (non-significant). 
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Figure 50. Minimum consensus prediction map for the Post-H4 Neandertal exclusive model, run 2 (non-significant). 
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Figure 51. Maximum consensus prediction map for the Post-H4 Neandertal exclusive model, run 2 (non-significant). 
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6.3.4 Neandertal Fossil and Middle Paleolithic Archaeological Combined Sample 
 Since the Neandertal exclusive sample failed to yield statistically significant 
models that could correctly classify known test points better than random chance would 
allow, the results of the consensus prediction model for the Neandertal/Middle 
Paleolithic combined sample (n = 15) were considered especially important by this 
study. The sample size tripled when compared to the Neandertal exclusive sample for 
the same time period, covered in the previous section (6.3.3). The p-value for this model 
(via Pearson’s p-value) equaled 0.0002 with a success rate of 66%, or 10 of 15 test 
points correctly classified as present (Table 46). These values indicate that this model 
predicted known test points at a better than random rate and the null hypothesis that 
these results occurred due to random chance can be rejected. 
 The majority consensus prediction map (Figure 52) shows areas of habitat 
suitability that are similar to the results of the Neandertal/Middle Paleolithic combined 
experiment of the preceding H4, despite the warmer climate of the Post-H4. Largely 
continuous areas throughout southern Europe are predicted present, but all areas north of 
the Alps lack suitable habitat. The lowlands of western and southern France, north of the 
Pyrenees and the Ebro River Valley are predicted as present. Other significant areas 
where suitable habitat is indicated to be present by 50% or more of the thresholded best-
subsets runs include the entire Apennine Peninsula south of the Alps, nearly the entirety 
of the Adriatic Shelf, the southernmost portion of the Balkan Peninsula (including 
mainland Greece and the Peloponnese), portions of the Great Hungarian Plain, the 
exterior of the Anatolian Peninsula, areas of the Black Sea shelf, the eastern portions of 
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the Danube River Valley, and the major islands of the Mediterranean. The area predicted 
present covers 23% of the total study area (13,584 pixels) (Table 47). 
The minimum consensus prediction map (Figure 53), again the most conservative 
view of this model, is confined to the southern extremes of Iberia, the Ebro River Valley, 
portions of southern France, the Mediterranean coastline of France and Italy, the central 
Apennine Peninsula, Ibiza, Mallorca, Menorca, Sardinia, Sicily, and a few isolated spots 
in the southern Great Hungarian Plain, the Balkan Peninsula, the Grecian Peloponnese, 
Bulgaria, and northern Turkey along the shoreline of the Black Sea. Only 6% of the total 
study area shows the presence of suitable habitat (3,554 pixels) (Table 47). The 
maximum prediction map (Figure 54) classifies 30% of the study area as present (17,374 
pixels) (Table 47) and greatly resembles the majority map, with more contiguous areas 
predicted present.  
 
P 0.0002 
Success ratio 0.66 
Table 46. The results of Pearson's p-value for the Neandertal/Middle Paleolithic 
combined consensus prediction model during the Post-H4. 
 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 13,584 44,667 0.23 
Minimum 3,554 54,697 0.06 
Maximum 17,374 40,877 0.30 
Table 47. Pixel ratios for the majority, minimum, and maximum prediction maps 
for the Neandertal/Middle Paleolithic combined consensus prediction model during 
the Post-H4.
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Figure 52. Majority consensus prediction map for the model generated with the combined sample of Neandertal fossil 
locations (n = 5) and Middle Paleolithic archaeological sites (n = 10) during the Post-H4. 
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Figure 53. Minimum consensus prediction map for the model generated with the combined sample of Neandertal fossil 
locations (n = 5) and Middle Paleolithic archaeological sites (n = 10) during the Post-H4. 
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Figure 54. Maximum consensus prediction map for the model generated with the combined sample of Neandertal fossil 
locations (n = 5) and Middle Paleolithic archaeological sites (n = 10) during the Post-H4.
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6.3.5 Upper Paleolithic Exclusive Consensus Prediction Model 
 The predictive model created for the Post-H4 paleoenvironmental reconstruction 
with a UP exclusive sample of locations (n = 31) was the largest of the Upper Paleolithic 
samples included in this dissertation. All p-values derived from cumulative binomials 
were ≤ 0.0001 (Table 48). All Partial-ROC probability scores were significantly elevated 
above random expectations, less than or equal to 0.03 (Table 49). The null hypothesis of 
reaching these results via random chance is therefore rejected.  
The majority map (Figure 55) predicts presence between 53.5 and 37 degrees 
latitude and excludes the southwestern corner of the Iberian Peninsula and the Alps. 
However, the Ebro River Valley shows a complimentary environment to what is found 
at contemporaneous archaeological sites dated to the Post-H4. The majority of modern 
France, central Germany, the Great Hungarian Plain, and the lowland areas surrounding 
the Carpathians are also predicted present. Other significant areas where 50% or more of 
the thresholded best-subsets runs indicate the presence of suitable habitat for early 
modern humans (EMHs) during the Post-H4 include: areas on the Iberian Peninsula 
south of the Ebro River Valley, the Po River Valley, the Balkan Peninsula, southern 
England, and the Anatolian Peninsula. The outline of the Alps, the Pyrenees, and 
Carpathian Mountains are visible with few inclusions of suitable habitat within their 
borders. Twenty-eight percent of the total study area is predicted as present (16,108 
pixels) (Table 50).  
The minimum map (Figure 56) predicts presence between a more restricted 51.8 
and 37.9 degrees latitude in comparison to the majority and maximum prediction maps. 
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Only 10% of the total study area is predicted present (5,799 pixels) (Table 50). The 
majority of the suitable habitat on the minimum map is found in France, following the 
western and northern extent of the Alps into southern Germany. Other areas of suitable 
habitat include: the Ebro River Valley, scattered pixels south of that point, southern 
England, the western and northern edges of the Great Hungarian Plain, and other small 
areas on the Apennine and Balkan Peninsulas.  
In contrast, the maximum prediction map (Figure 57) presence is bounded by 55 
and 36.5 degrees latitude and 49% of the total study area is predicted present (29,261 
pixels) (Table 50). The maximum prediction, the least conservative analysis, only 
excludes the Alps, the Pyrenees, the southwestern coast of Iberia, the Apennine Valley, 
and the paleo-coastline north of the Black Sea from the areas predicted as present. 
Additional areas predicted as present on the maximum map that were not seen on the 
majority and minimum maps include: central and southern England, Wales, the Republic 
of Ireland, large portions of the English Channel, Sicily, increased areas of Corsica and 
Sardinia, and a much larger area covering the Iberian Peninsula except for the coastal 
areas from Lisbon to Gibraltar. 
 
Evaluation 
replicates 
P-value Critical Binomial 
Value 
Success ratios 
Evaluation set 1 2.22x10-5 6 0.625 
Evaluation set 2 9.00x10-5 7 0.6875 
Evaluation set 3 4.328x10-5 9 0.8125 
Evaluation set 4 0.0001 6 0.625 
Evaluation set 5 3.98x10-6 9 0.875 
Table 48. Cumulative binomial probabilities for thresholded predictions, Post-H4 
Upper Paleolithic exclusive model. 
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 1 2 3 4 5 
Minimum 1.16 0.90 1.01 0.63 1.23 
Maximum 1.81 1.73 1.69 1.77 1.72 
Mean 1.56 1.46 1.48 1.36 1.60 
SD 0.13 0.15 0.15 0.20 0.09 
Replicates 
≤ 1 
0 4 0 37 0 
Z-statistic 141.45 98.056 99.42 58.39 215.61 
P 3.86x10-6 0.001 0.0008 0.03 4.61x10-12 
Table 49. Partial-ROC scores for the Post-H4 Upper Paleolithic exclusive model. 
 
 Pixels predicted 
present 
Pixels predicted 
absent 
Ratio of 
present/total 
Majority 16,108 42,143 0.28 
Minimum 5,799 52,452 0.10 
Maximum 28,630 29,261 0.49 
Table 50. Pixel ratios for the Post-H4 Upper Paleolithic exclusive model. 
 
The majority, minimum, and maximum consensus prediction maps for the Post-
H4 Upper Paleolithic exclusive model begin on the following page.
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Figure 55. Majority consensus prediction map for the Post-H4 Upper Paleolithic exclusive model. 
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Figure 56. Minimum consensus prediction map for the Post-H4 Upper Paleolithic exclusive model. 
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Figure 57. Maximum consensus prediction map for the Post-H4 Upper Paleolithic exclusive model. 
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6.4 Overlap Analysis 
 The following section consists of the results of a spatial geographic overlap 
analysis. The analysis was confined to predictions from the same environmental 
reconstruction. Pixels displayed in red on the following maps illustrate the exact 
geographic extent of the overlap between majority prediction maps. In other words, 
pixels classified as red were predicted as present by both models undergoing 
comparison. This method allows for a direct way to examine the geographic extent of the 
suitable habitat between two disparate samples and offers insight into the areas where 
different populations could have come into contact with one another.  
The results for the Neandertal/Middle Paleolithic combined and Upper 
Paleolithic exclusive for the Pre-H4, H4, and Post-H4 were compared. Only the majority 
prediction maps were used in this analysis, instead of the maximum and minimum, as 
they offer a compromise between the most and least conservative predictions generated 
by the previous experiments and give a good view of the extent of overlapping suitable 
habitat for Late Neandertals and early modern humans (EMHs). This analysis offers 
great insight into addressing the questions this dissertation has on the extent and 
fluctuation of that area through time. 
 
6.4.1 Pre-H4 Overlap 
The geographic area predicted present for suitable habitat in both models, of the 
exact extent of the geographic overlap for the majority maps for the Neandertal/Middle 
Paleolithic combined and Upper Paleolithic exclusive consensus Pre-H4 models, 
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consists of 12,011 pixels, or 21% percent of the total study area. The largest and most 
continuous cluster of overlap in suitable habitat predictions is again found in the western 
and central areas of modern France, the Ebro River Valley, large areas of northwestern 
and central Iberia, the Apennine Peninsula, the Po River Valley, Sardinia, the Great 
Hungarian Plain, the Transylvanian region of Romania, the Moldova, and the Dnieper 
Uplands. The extent of this overlap reaches far south on the Iberian Peninsula, contrary 
to the hypotheses put forth by the Ebro Frontier Model. These models attempting to 
reconstruct Neandertal and EMH presence show the largest amount of overlap during the 
Pre-H4. This overlap covers 83% of the EMH majority consensus prediction and only 
58% of the Neandertal/Middle Paleolithic combined majority consensus prediction. This 
result indicates that it is highly likely EMHs encountered Late Neandertals during the 
Pre-H4 for the majority of their distribution. The overlap between the Neandertal/Middle 
Paleolithic combined and Upper Paleolithic exclusive consensus prediction models 
during the Pre-H4 is illustrated in Figure 58.
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Figure 58. Geographic overlap of pixels predicted present by the majority consensus prediction maps for both the 
combined Neandertal fossil/Middle Paleolithic archaeological and the Upper Paleolithic during the Pre-H4.
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6.4.2 H4 Overlap 
 The overlap between the Neandertal/Middle Paleolithic combined and Upper 
Paleolithic exclusive consensus prediction models during the H4 is illustrated in Figure 
59. The geographic area predicted present for suitable habitat in both models consists of 
11% percent of the total study area or 6,279 pixels. This area covers 54% of the 
Neandertal/Middle Paleolithic combined majority consensus prediction and only 44% of 
the Upper Paleolithic exclusive. This is in contrast to the overlap analysis for the Pre-H4 
where the overlap in suitable habitat generated by the majority maps made up a larger 
part of the Upper Paleolithic range than the Neandertal/Middle Paleolithic. The overall 
extent of the overlap also drops by 10% during the H4 from the previous time period. 
The northern and southern latitudinal bounds of the overlap match that of the H4 
Neandertal/Middle Paleolithic combined results, and is therefore confined to the 
southern half of the distribution of suitable habitat for early modern humans (EMHs) for 
the H4. Prominent areas of overlapping habitat suitability include the Ebro River Valley, 
scattered areas throughout the Iberian Peninsula, southern France, the Apennine 
Peninsula, the Great Hungarian Plain, the Dnieper Uplands, the lowland areas south of 
the Carpathian Mountains, the Balkan Peninsula, the Anatolian Peninsula, and a few 
pixels scattered across the major Mediterranean islands. No overlap in suitable habitat is 
identified north of the Alps during the H4. 
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Figure 59. Geographic overlap between majority predictions of H4 Neandertal/Middle Paleolithic combined and Upper 
Paleolithic exclusive models. 
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6.4.3 Post-H4 Overlap 
The smallest amount of geographic overlap for Neandertal/Middle Paleolithic 
combined consensus models and Upper Paleolithic consensus models occurs during the 
Post-H4. This overlap is illustrated in Figure 60.  The geographic area predicted present 
for suitable habitat in both models consists of 9% percent of the total study area or 5,335 
pixels. This area covers 39% of the Neandertal/Middle Paleolithic combined majority 
consensus prediction and only 33% of the Upper Paleolithic exclusive. The overall 
extent of the overlap drops by only 2% during the Post-H4 from the previous time period 
(the H4). The overall drop from the Pre-H4 to Post-H4 is 13% of the total study area. 
As with the H4, the northern and southern latitudinal bounds of the overlap 
match that of the Post-H4 Neandertal/Middle Paleolithic combined results, and is 
therefore confined to the southern half of the distribution of suitable habitat for early 
modern humans (EMHs) during the Post-H4. Prominent areas of overlapping habitat 
suitability include the Ebro River Valley, northwestern and central Iberian, southern 
France, the Mediterranean coastline of France, the Apennine Peninsula south of the 
Alps, the Great Hungarian Plain, the eastern Danube River Valley, the Balkan Peninsula, 
the Anatolian Peninsula, and a few pixels on Sardinia and Corsica. No overlap is 
identified north of the Alps during the Post-H4. It should be noted that there are major 
areas of overlap identified both north and south of the Ebro River Valley.
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Figure 60. Geographic overlap of the majority consensus prediction maps for both the combined Neandertal 
fossil/Middle Paleolithic combined and Upper Paleolithic exclusive samples during the Post-H4. 
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7. DISCUSSION 
  
 This dissertation investigated the significance of the patterning and geographic 
distributions of Late Neandertals, early modern humans (EMHs), and their associated 
technocomplexes in Europe during the Late Pleistocene (43.3 – 36.5 ky cal BP) using 
ecological niche model (ENM) methods. This time period is of great interest in 
understanding Neandertal extinction, the expansion of EMHs in Europe, the Late 
Pleistocene population dynamic of hominins between those two groups, the end of the 
European Middle Paleolithic, and the origins of the European Upper Paleolithic. This 
dissertation focused on examining the potential distribution of late surviving European 
Neandertals and EMHs via reconstructions of the extent of the suitable habitat associated 
with those populations during the Pre-H4 (43.3 – 40.2 ky cal BP), H4 (40.2 – 38.6 ky cal 
BP), and the Post-H4 (38.6 – 36.5 ky cal BP) paleoenvironmental reconstructions (Banks 
et al. 2008b).  
 This section discusses the major implications of this dissertation’s results, 
including the major temporal and geographic trends for the different types of consensus 
prediction models and overlap analysis between the Neandertal/Middle Paleolithic 
combined and Upper Paleolithic exclusive samples. In addition, this section covers what 
these results imply for the Ebro Frontier Model (EFM) and its appropriateness as a 
theoretical model of hominin population dynamics of Late Pleistocene Iberia.  
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7.1 Limitations of This Study 
There are limitations that this analysis encountered that have the potential to 
impact the results and thus should be addressed here. These center on sample design and 
issues pertaining to both the availability of the data and the choices of the author as to 
which of the available data to include in the study. The absolute size of the datasets 
available to both paleoanthropologists and Paleolithic archaeologists tend to be quite 
small in comparison with other fields. Paleo-studies in anthropology are limited to what 
has been preserved and discovered in the fossil record. European and Neandertal studies 
have enjoyed the benefit of intense study by paleoanthropologists and archaeologists, 
though this comes at the high cost of Eurocentrism in both analysis and interpretation.  
These results are viewed through two lenses: 1) the current state of the 
archaeological and fossil record and, 2) which material of those records that has been 
absolutely dated. While both of these sample choice criteria reduce the absolute number 
of sites available to this dissertation, the second was put in place to ensure that all sites 
used to build the predictive models dated to the correct paleoenvironmental 
reconstructions. This more conservative view of where Neandertals and EMHs were 
located across Europe during the Pre-H4, H4, and Post-H4 was taken to prevent the 
inclusion of misclassified sites into the analysis. Thus, one limitation on sample design is 
inherent to the record from which the presence-points are drawn and the other is a self-
imposed limitation of the study that was designed to see past the problems introduced by 
accidentally including sites which actually fall outside of the temporal subdivisions of 
this study. 
 236 
 
 7.2 The Patterning of Hominin Niche Predictions in Late Pleistocene Europe 
 Several major trends and implications become apparent when examining the 
results reported in Section 6. There is a distinct difference in the pattern of predicted 
areas of suitable habitat between samples representing Late Neandertals versus those 
representing early modern humans (EMHs) across the three paleoenvironmental time 
periods of this study. The patterns identified by these results have large-scale 
implications for our understanding of the process of Neandertal extinction and EMH 
expansion in Late Pleistocene Europe.  
The results reported and discussed here do not falsify any of the major 
evolutionary models pertaining to Neandertal and EMH interaction in Europe during the 
Late Pleistocene, namely Recent African Origin (RAO), Afro-European Sapiens/African 
Hybridization and Replacement (AES/AHR), Assimilation Model (AM), and 
multiregional evolution (MRE). In fact, the results can be explained adequately under 
each of the different evolutionary models. Under RAO, however, these results would 
need to have a disclaimer whereby even if the two populations met, they were prevented 
from admixing by either biological inability or choice. This is perhaps not the most 
parsimonious explanation of the results, but they are still understandable with RAO. For 
both AES/AHR and AM, these results are easily interpreted as fitting very well with 
both of those models’ predictions for Neandertal/EMH interaction. Under MRE, the 
results reported here also align with the predictions expected under the tenets of the 
model, especially in later formations of the model proposed in the literature. The original 
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MRE theoretical framework created in the 1980s and its predictions of Late Pleistocene 
population dynamics in Europe does not align with these results as well as with AM and 
AES/AHR, but they still do not falsify the model. 
 
7.2.1 The Importance of the H4 and Post-H4 
The pattern of the total area predicted as present for suitable habitat with the 
Neandertal exclusive, Neandertal/Middle Paleolithic combined, Upper Paleolithic 
exclusive, and the overlap analysis changes throughout the three time periods covered by 
this study. The consensus models meant to examine Neandertal range show large-scale 
contractions during the H4. This result is not unsurprising given the nature of the brutal 
cold and violent climatic fluctuations that characterize this time period in comparison to 
the previous warmer interstadial period of the Pre-H4 (Huijzer and Isarin 1997).  
However, despite the fact that the temperatures grew somewhat warmer and were 
characterized by less dramatic fluctuations during the Post-H4 (Van Andel and Tzedakis 
1996), the range of Neandertal suitable habitat did not recover to the levels shown during 
the Pre-H4. The total number of pixels predicted present only increases slightly in the 
Post-H4 from the preceding H4. This pattern is seen in both the trends in the majority 
and minimum consensus prediction maps. Based on these results, the importance of the 
H4 for Neandertal extinction cannot be overstated. This period of climatic upheaval is 
identified as the beginning of the extinction event for this population.  
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Figure 61. Trends in pixels counts of the majority consensus prediction maps for 
the Neandertal exclusive, Neandertal/Middle Paleolithic combined, Upper 
Paleolithic exclusive, and overlap of the N/MP vs. UP.  
 
 
The amount of overlap between majority consensus prediction maps of the 
Neandertal/Middle Paleolithic combined and Upper Paleolithic exclusive samples 
through time also reduces sharply in the H4 and slightly further still in the Post-H4 
(Figure 61). This result is in contrast to the slight uptick of total area predicted present 
seen for the Neandertal exclusive and Neandertal/Middle Paleolithic combined samples 
across the three paleoenvironmental reconstructions. This is an important result when 
combined with the results of the other consensus prediction models, as it indicates that, 
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even though there was a slight recovery for Neandertals during the Post-H4, the potential 
area of contact for Late Neandertals and EMHs shows a progressive constriction through 
time. 
 While the H4 appears to be the significant turning point for Late Neandertals, for 
EMHs the Post-H4 majority consensus prediction maps of the Upper Paleolithic 
exclusive samples shows the first increase in total area of suitable habitat. The Upper 
Paleolithic consensus models, which are meant to model the EMH range, remain steady 
from the Pre-H4 to the H4 with only a 1% reduction in total area between the two time 
periods. There is a 4% increase between the H4 to Post-H4 on the majority maps. This 
pattern is not as dramatic as the changes shown for the Neandertal exclusive and 
Neandertal/Middle Paleolithic combined samples and, when examining the results of the 
minimum consensus prediction maps (Figure 62), the uptick during the Post-H4 
disappears.  
The major implication for the above results is that, despite the extreme climatic 
fluctuations and colder temperatures of the H4 (Huijzer and Isarin 1997), the extent of 
the EMH suitable habitat (and thus the distribution of this population) was unaffected. 
This is in direct contrast to the results shown for the Late Neandertals. There could be 
many different reasons for this difference in response to the H4, but one of the most 
interesting is behavioral. Archaeological and paleoanthropological research has focused 
for many years on identifying the differences, or lack thereof, between Neandertal and 
EMH patterns, not only in the types of stone tools that make up the technocomplexes 
made by each group (Carbonell et al. 2000; Golovanova et al. 2010; Maroto et al. 1996; 
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Maroto et al. 2012; Wood et al. 2014), but also in behavior with hunting strategies 
(Berger and Trinkaus 1995; Schmitt et al. 2003), clothing (Shipman 2008), and mobility 
patterns (Shaw and Stock 2013; Trinkaus 1993), etc.  
 
 
Figure 62. Trends in pixels counts of the minimum consensus prediction maps for 
the Neandertal exclusive, Neandertal/Middle Paleolithic combined, and the Upper 
Paleolithic exclusive. 
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but it does show that there were distinct differences in total geographic extent of the 
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the suitable habitat predicted for EMHs, based on the habitat where we know they were 
located across Europe, covered a larger total proportion of the total study area and was 
found in more northern regions than was found for Neandertals during the H4 and Post-
H4. The results of this dissertation indicate that different behavioral patterns allowed 
EMHs to inhabit a larger area during the H4 and Post-H4 than did Neandertals. 
 
7.2.2 Difference in Patterning of Suitable Habitat in and around Mountain Ranges 
 Patterns of Neandertal and early modern human (EMH) behavior in regards to 
mountain ranges becomes apparent when the majority and minimum consensus 
prediction maps are examined. Those behaviors, reconstructed via a conservative sample 
of presence-points from the fossil and archaeological records, show that both groups 
likely avoided the Alps during all three paleoenvironmental reconstructions. This high, 
glaciated mountain range consistently lacks the presence of suitable habitat for all of the 
different experimental designs and sample types used in this study. The Pyrenees also 
are consistently predicted as absent for both Late Neandertals and EMHs. This result is 
not surprising considering that the Alps and the Pyrenees are the two mountain ranges in 
the study area with the highest overall average elevation and would have experienced 
glaciation to varying degrees throughout the study period (Turu et al. 2016; Van Andel 
and Tzedakis 1996).  
 For the four models created to investigate Neandertal patterns, the mountain 
ranges of Europe that have lower average elevations than the Alps and the Pyrenees 
show inclusions of suitable habitat within their borders on the majority maps. These 
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include the Carpathians, the Balkans, the Dinaric Alps, the Pindus, the Apennines, and 
the high rugged areas of the Massif Central and Meseta Central. However, the EMHs 
reconstructed range of suitable habitat on the majority maps typically show less presence 
within the main bodies of those mountain ranges. This pattern of Neandertal suitable 
habitat being found more often in mountainous areas is not solely due to the elevation of 
the areas, but the interaction between all 8 layers in the paleoenvironmental 
reconstructions (described in Section 4.1). 
 
7.2.3 Suitable Habitat Presence on Major Mediterranean Islands 
 The consensus prediction models, along with their majority, minimum, and 
maximum prediction maps, are hypotheses that reconstruct the physical location of 
habitat similar to the samples used to generate the models. These methods will identify 
suitable habitat in areas where we have either not yet found hominin presence, or, 
geographic areas which actually fell outside of the range of Late Neandertals and EMHs. 
Some areas of interest to this discussion include the major islands of the Mediterranean 
which fall inside the study area: Sicily, Sardinia, Corsica, Ibiza, Mallorca, and Menorca.  
Neandertal presence has yet to be documented on any of these islands, but 
suitable habitat is found in even the minimum prediction maps for all except the Pre-H4 
Middle Paleolithic exclusive consensus prediction model, which excluded sites where 
Neandertal fossils have been found. All models that include Neandertal fossil locations 
also include some level of identified habitat similarity on one or more of the major 
Mediterranean islands. This geographic pattern is similar to the results of the Upper 
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Paleolithic exclusive models and the overlap analysis comparing the majority maps for 
the Neandertal/Middle Paleolithic combined and Upper Paleolithic exclusive models.  
 These results indicate that if Neandertals and EMHs could access those areas, 
then they would have been able to exist on those islands. Currently, Sardinia is the only 
one of the islands with a published record detailing a hominin fossil record that extends 
past the late Neolithic. A portion of a proximal modern human phalanx was discovered 
in 1993 at Corbeddu Cave on the island of Sardinia and is dated to approximately 20,000 
years BP (Sondaar et al. 1995). This find, combined with the results of this dissertation, 
indicate that the hominin occupation of Sardinia and Corsica, which were not connected 
to mainland Italy even during the Last Glacial Maximum, is likely much deeper than has 
been previously thought. 
 
7.2.4 Trends in the Overlap between Neandertal/Middle Paleolithic and Upper 
Paleolithic Exclusive Majority Consensus Prediction Maps 
 The results of the overlap analyses reported here indicate that there was an 
overall trend from the Pre-H4 to Post-H4 of more to less extensive opportunity for 
contact between Neandertals and the makers of the Upper Paleolithic technocomplexes, 
assumed to be EMHs. The area of overlap shown on the majority consensus prediction 
maps for the Neandertal/Middle Paleolithic combined and Upper Paleolithic exclusive 
samples drops most dramatically from the Pre-H4 to H4 with a shallower drop in overlap 
from the H4 to Post-H4. During the H4 and Post-H4, the areas identified as having 
similar habitat suitability values for both groups are largely confined to southern Europe. 
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This is caused by the latitudinal restriction of the Neandertal range that occurs during 
these periods. 
 All results of the overlap analysis show the Ebro River Valley as an area where 
there is a high concentration of habitat suitable to both Neandertals and EMHs. This 
indicates that the Ebro River Valley was unlikely to have been an impermeable 
biogeographic barrier to hominins. These results also show areas of overlap both south 
and north of this valley during the Pre-H4, H4, and Post-H4. The Pyrenees Mountains 
appear as the most significant area of absence blocking the entrance and exit of the 
Iberian Peninsula. The areas described in Section 6.4 indicate places where it is highly 
likely that Neandertals and EMHs came into contact with one another.  
Rather than splitting the Middle Paleolithic and Upper Paleolithic stone tool 
technologies into smaller subcategories such as Mousterian, Châtelperronian, Uluzzian, 
Bohunician, etc., this project combined them under the umbrella of either Middle 
Paleolithic or Upper Paleolithic. This was to aid in investigating questions pertaining to 
large-scale population level differences of Neandertals and modern humans, rather than 
examining the differences in ranges of sub-populations of EMHs or late surviving 
Neandertals. Research questions examining sub-populational differences such as 
Solutrean vs. Epigravettian are interesting and pertinent in their own right, but were not 
the aim of this research.  
The trend for reduced geographic opportunity of populational contact can be 
explained by shrinking Neandertal population sizes and thus reduced presence on the 
landscape as they underwent the process of extinction. As Neandertals went extinct, it is 
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expected that the sample sizes available to this type of research would also shrink. How 
that process occurred, by competition or assimilation, is still under debate and this 
research does not seek to answer those questions.  
 
7.3 The Ability of Middle Paleolithic Calibrated Models to Predict Sites with 
Diagnostic Neandertal Fossils 
As a secondary goal, this project sought to test the major theoretical assumption 
that Middle Paleolithic sites can be assumed to stand as proxy for Neandertal presence. 
In order to quantify this assumption so it could be objectively investigated, predictive 
models were created using samples of absolutely dated Middle Paleolithic sites for the 
Pre-H4, H4, and Post-H4 paleoenvironmental reconstructions. These models were then 
tested to see if they could predict discrete samples of sites that have produced Neandertal 
remains dated to the same periods at a better than random rate (the alternative 
hypothesis). The null hypothesis states that the Middle Paleolithic models could not 
predict Neandertal sites at a better than random rate. 
The results of this project indicate that the assumption that Middle Paleolithic 
archaeological sites can stand as proxies for Neandertal presence is not appropriate for 
all time periods and places. Here, one of the three models, the Pre-H4 MP calibrated 
model, produced mixed results. That consensus prediction model generated thresholded 
results that yielded a marginally significant p-value using cumulative binomial 
probabilities, but the Partial-ROC score based on the unthresholded results did not 
perform as well statistically. However, the H4 and Post-H4 Middle Paleolithic calibrated 
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models were able to predict test points at a better than random rate using both 
cumulative binomial probabilities and Partial-ROC tests. This method of testing offers a 
novel approach to investigating questions concerning the validity of the very common 
theoretical assumption regarding the nature of archaeological cultures and hominin 
populations. It is not yet clear how much decreasing calibration and validation sample 
sizes impacts the statistical significance of the results. As these sample sizes reduce, test 
results get increasingly more significant. Future work, as discussed in Section 7.5, will 
include experiments specifically designed to investigate the impacts of smaller sample 
sizes on these types of tests. 
 
7.4 The Neandertal Exclusive Models and Sample Size 
This project also tested whether or not samples of absolutely dated locations with 
Neandertal remains could produce coherent and statistically significant models. Each of 
these three experiments were produced with the n-1 testing and validation procedures. 
The experiments for the Neandertal exclusive samples for the Pre-H4 and H4 both 
resulted in models that were able to predict eliminated test points at a better than random 
rate. The Pre-H4 resulted in a p-value of 0.0006 and the H4 a p of 0.02. However, the 
Neandertal exclusive model for the Post-H4 resulted in a p of 0.35 on run 1 of the 
experiment and 0.06 from run 2. The Post-H4 experiments never reached values that 
could be considered truly indicative of creating models that, beyond a doubt, predict 
Neandertal test sites at a better than random rate. This is most likely due to the extremely 
small sample sizes in the Post-H4.  
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This study is bound by the constraints of the fossil record and, as Neandertals 
moved closer to extinction, we would expect to see fewer sites producing diagnostic 
fossil remains of this population. Thus, there is a reducing trend throughout the three 
study periods of the algorithm to create models of Neandertal fossil locations that predict 
test points at a better than random rate. This trend is a result of both reducing sample 
size and the nature of the fossil record at the time. 
 
7.5 The Implications of These Results for the Ebro Frontier Model (EFM) 
 The results of this dissertation have implications for the Ebro Frontier Model 
(EFM) and its use as a hypothetical model of Neandertal extinction and early modern 
human (EMH) expansion on the Iberian Peninsula. The interpretation of the majority 
consensus prediction maps reported in Section 6 produce a balanced picture of the 
consensus models that is more conservative than the maximum, but less conservative 
than the highly restrictive minimum maps. The majority maps identify the presence of 
suitable habitat if a majority of the thresholded replicates used to build the consensus 
model agree on that prediction of presence. The minimum maps do offer important 
information on the exact location of pixels where all replicates are in agreement, but 
often create a graphic illustration of that geographic extent that is quite small.  
 The majority maps for the Upper Paleolithic exclusive sample during the Pre-H4, 
H4, and Post-H4 all identify large areas of suitable habitat for EMHs south, north, and 
within the Ebro River Valley. This conclusion runs counter to the hypotheses put forth in 
the published literature describing the tenets of the EFM (Zilhão 2000; Zilhão 2009). 
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There was no ecological reason preventing Late Neandertals and EMHs from occupying 
areas south of the Ebro River Valley prior to the date of 30,000 years BP. In fact, the 
largest amount of overlapping areas of suitable habitat between the two populations 
occurred during the Pre-H4, well before the dates hypothesized by the EFM. In other 
words, if EMHs were able to access the area of the Iberian Peninsula south of the Ebro 
River Valley, their behavioral choices as established by multiple Upper Paleolithic 
localities throughout western and central Europe would have facilitated contact between 
the two populations.  
Even the highly conservative minimum maps indicate the presence of suitable 
habitat for both groups north and south of the Ebro River Valley, though these maps 
show more concentrated areas of suitable habitat for both Neandertals and EMHs within 
the Ebro River Valley and north of that point. The EFM not only hypothesizes that 
EMHs were confined to the northern extremes of the Iberian Peninsula, it also states that 
Neandertals were confined to the area south of the Ebro River Valley prior to the 
dissolution of the frontier. These results indicate that there was no ecological reason to 
assume that Neandertals would have been confined to southern Iberia. 
 The pattern of overlap on the Iberian Peninsula and habitat that was available to 
both Neandertals and EMHs fluctuated between the Pre-H4, H4, and Post-H4. This 
reflects the fluctuating climate from 43.3 – 36.5 ky cal BP as modeled by Banks and 
colleagues (2008b). The climate during the time period of this study was never what one 
could deem “stable” (Huijzer and Isarin 1997; Turu et al. 2016; Van Andel and Tzedakis 
1996) and a barrier or frontier created by habitat differences (Zilhão 2009) would also 
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fluctuate across geographic space to reflect those climatic changes. If an ecological or 
biogeographic frontier existed, it would have moved north, or disappeared from Iberia 
entirely, during the warmer periods of the Pre-H4 and Post-H4. During colder periods, 
such as the H4, this hypothetical frontier would have moved farther south on the 
peninsula. During the H4, which was characterized by violent and quick climatic 
fluctuations (Huijzer and Isarin 1997; Turu et al. 2016), this frontier could have moved 
with relative rapidity north and south across the Iberian Peninsula, likely at different 
rates and at different times.  
The only features that would have prevented large-scale movement of hominins 
and remained stationary on the landscape were the extremely high mountain ranges of 
the Alps and Pyrenees. The Pyrenees Mountains are especially pertinent to this 
discussion, as they have the potential to limit movement by hominins both into and out 
of Iberia. The pattern of glacial advance and retreat across the entirety of the Pyrenees 
was a complicated one and the glaciers found there during the time period of this study 
were not distributed evenly across the mountain range. The presence and extent of the 
glaciers would advance and retreat with the fluctuating climate (Turu et al. 2016). The 
results of this dissertation indicate that the Pyrenees Mountains lacked habitat suitable 
for Neandertals and EMHs during the period of this study. The patterns seen here 
indicate that the behavioral choices of these two groups would have confined full-scale 
occupation and site-choice to the areas of lower elevation on the west and east of this 
mountain range.  
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The results of this dissertation indicate that, if a biogeographic frontier existed on 
the Iberian Peninsula, we must further investigate the intricacies of the patterns of the 
Neandertal and EMH behavior, population dynamics, and suitable habitat in reference to 
a constantly changing climate in order to refine our understanding of where that barrier 
would have been located at different times. The pattern of Neandertal extinction, EMH 
expansion, and the population dynamics between the two groups as illustrated here 
demonstrates the complicated nature of the mode and tempo of these interacting 
processes. This dissertation adds to the conversation on Neandertal extinction and EMH 
expansion by using a novel method to investigate these patterns and their fluctuation 
over time. 
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8. CONCLUSIONS 
 
 This dissertation sought to investigate the opportunity that Late Neandertals and 
early modern humans (EMHs) may have had for contact on the European landscape 
prior to Neandertal extinction. The results generated show that Neandertal and EMH 
suitable habitat, an approximation of their fundamental niche parameters, overlapped for 
the entirety of the temporal period of the Pre-H4 (43.3 – 40.2 ky cal BP), the H4 (40.2 – 
38.6 ky cal BP), and the Post-H4 (38.6 – 36.5 ky cal BP) in multiple geographic regions 
across Europe, despite the different behavioral patterns apparent in their response to 
fluctuating climate. There was no ecological reason preventing contact between 
Neandertals and EMHs in Europe from 43.3 to 36.5 ky cal BP in at least some 
geographic areas. Given the large amount of geographic overlap seen here, it is highly 
unlikely that the two populations never came into contact with one another during the 
study period.  
 Using ecological niche modeling (ENM) methods, the Genetic Algorithm for 
Rule-Set Prediction (GARP) specifically, allowed this study to model the extent of the 
suitable habitat for Late Neandertals and EMHs in western and central Europe. Since the 
reconstruction of these areas of predicted presence for suitable habitat are based on the 
habitat associated with known locations of Neandertals and EMHs, this dissertation 
ultimately is able to begin to address the difference in patterns of behavior on the 
landscape for these two populations. The sample of locations representing Late 
Pleistocene hominins portrays deliberate behaviors concerning site-choice during the 
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time periods of three paleoenvironmental reconstructions representing a fluctuating 
climate, as viewed through the lenses of the current state of the archaeological record 
and the availability of absolute dating on those sites. 
 While models of Neandertal and EMH suitable habitat indicate large amounts of 
geographic overlap for these two groups, there were different patterns between the two 
groups that emerged during the course of this study. During the H4, the geographic 
extent of Neandertal suitable habitat shows large-scale contraction and latitudinal 
restriction to southern Europe. It does not recover to its Pre-H4 levels during the Post-
H4. In contrast, the geographic extent of suitable habitat for EMHs does not contract 
during the H4, but remains steady from the Pre-H4 to H4 and increases slightly in the 
Post-H4. The behavioral patterns of these two groups shown here indicate that the cold, 
glacial period of the H4 did not affect EMH patterns of site-choice in the same manner 
as it did Neandertals. 
This research demonstrated the importance of investigating questions regarding 
Late Pleistocene population dynamics in Europe, even though there are theoretical and 
methodological limitations on paleoanthropological research in general and this 
dissertation in particular. Late Neandertal and EMH populations possessed fundamental 
niche parameters and patterns of behavior that were similar enough to allow for large 
amounts of geographic overlap throughout the Pre-H4, H4, and Post-H4. This 
geographic overlap can be speculated to indicate that there was ample opportunity for 
the two populations to come into contact with one another and experience admixture, 
competition, or a combination of both. The fluctuation in the extent and continuity of 
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both the overlap and individual niche parameters over the course of the three 
environmental reconstructions used here demonstrates that Late Pleistocene population 
dynamics in Europe were complex.  
 This project also addressed secondary questions concerning the predictive ability 
of consensus models calibrated with archaeological sites and tasked with predicting the 
locations of hominin fossils. The results of models made with Middle Paleolithic 
archaeological sites and their ability to correctly classify Neandertal fossil locations 
show that the statistical ability of archaeologically based models to predict fossil 
locations varies throughout time. The implication from this conclusion is that the one-to-
one correlation between archaeological technocomplexes and biological populations 
cannot always be taken for granted. Future work will include more detailed 
investigations concerning this topic. 
Additional studies will help to further our understanding of the population 
dynamics occurring between Neandertals and early modern humans (EMHs) during the 
Late Pleistocene beyond the current scope of these results. Future research will expand 
the geographic and temporal scope of the paleoenvironmental reconstructions used in 
this dissertation. This will allow the comparison of the patterns seen here to other 
climatic events, such as Heinrich Events, stadials, and interstadial events that precede 
and follow the time range of this study. Questions concerning the way that Neandertals 
react to other climatic events prior to EMH appearance in Europe, how that compares 
with these results, and how EMHs might be affecting Neandertal behavior and response 
to climatic fluctuations could then be addressed.   
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